3J1C  FILE  copy 


us  Army  Corps 
of  Enginoort 

Conatruotlon  Engineering 
Research  Laboratory 


TECHNICAL  REPORT  N-86/11 
August  1985 


AD-A159  553 


"IT? 


STRATEGIES  FOR  CONTROLLING  AND  REMOVING  TRACE 
ORGANIC  COMPOUNDS  FOUND  IN  POTABLE  WATER 
SUPPLIES  AT  FIXED  ARMY  INSTALLATIONS 


riT” 


by 

L.  E.  Lang 
S.  P.  Shelton 
J,  T.  Bandy 
E,  D.  Smith 

'Irhli  report  documents  research  to  Inform  fixed  Army 
Installations  about:  |(1)  the  type  and  characteristics  of  trace 
organic  compounds  that  may  be  found  In  drinking  water, 
i(2)  existing  and  proposed  drinking  water  standards  for  trace 
organic  compounds,  j[3)  analytical  techniques  for  measuring 
organic  contaminants  In  water,  and  0)  treatment  processes 
and/or  operational  modifications  for  formulating  a  cost- 
effective  strategy  to  control  or  remove  organic  contami¬ 
nants  from  potable  water. 

The  sources,  types,  characteristics,  and  significance 
of  organic  compounds  likely  to  be  found  In  drinking 
water  were  reviewed.  Current  and  proposed  standards 
for  organic  compounds  in  drinking  water  and  compounds 
being  considered  for  regulation  were  studied,  os  were 
analytical  techniques  to  Isolate,  resolve  and  Identify,  and 
quantify  these  compounds.  Operational  modifications  for 
controlling  the  formation  of  organics,  particularly  tri- 
halomethanes,  also  were  reviewed.  Treatment  techniques 
for  removing  synthetic  trace  organic  compounds  were 
Identified.  Case  studies,  cost  data,  and  design  guidance  were 
consulted  to  help  select  a  cost-effective  way  to  provide  safe 
potable  water  on  fixed  Army  Installation^ 

Approved  for  public  releuse;  distribution  unlimited . 


DTIC 

,^ECTE 

SEP271985 


D 


26  031 


The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  oi 
promotional  purposes.  Citation  of  trade  names  does  not  constitute  an 
official  indorsement  or  approval  of  the  use  of  such  commercial  products. 
The  findings  of  this  report  are  not  to  be  construed  as  an  official  Department 
of  the  Army  position,  unless  so  designated  by  other  authorized  documents. 


DESTROY  THIS  REPORT  WHEN  IT  IS  NO  LONGER  NEEDED 
DO  NOT  RETURN  IT  TO  THE  ORIGIN  A  TOR 


UNCLA.SSIFIE 

security  CLASSIPICATION  op  This  page  ftWipn  f>«l»  Knl»t»dl  • 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

smjjjdiigCTEHi— —— 

4.  title  Imtd  Submit) 

STRATEGIES  FOR  CONTROLLING  AND  REMOVING  TRACE 
ORGANIC  COMPOUNDS  FOUND  IN  POTABLE  WATER  SUPPLIES 
AT  FIXED  ARMY  INSTALUTIONS 

f.  TYPE  or  REPORT  A  PERIOD  COVERED 

FINAL  *' 

S.  REPrORMINO  ORO.  REPORT  NUMBER 

7.  AUTHORf.; 

L.E.  Lang  E.D.  Smith 

StP.  Shelton 

J.T.  Bandy 

1.  cdNTRACT  OR  DRANT  NUMBCRCkJ 

lAO  E87840048 

1.  PERroRMINO  OROANI7ATION  NAME  AND  ADDRESS 

U.S.  Army  Construction  Engr  Research  Laboratory 
P.O.  Box  4005 

Champaign,  IL  61820-1303 

Ift.  RROOPAM  ELEMENT,  project,  TASK 
AREA  •  WORK  UNIT  NUMBERJ 

n.  CONTROULINO  OrPICE  NAME  AND  AOOREIt 

Office  of  the  Chief  of  Engineers 

20  Massachuaetta  Ave 

WASH  DC  20314-1000 

la.  REPORT  DATE 

August  1985 

II.  NUMBER  OP  PAOIt 

89 

^1111111111^ 

II.  IFCURITV  CLAII.  fal  Ihlt  tbp»H) 

UNCLASSIFIED 

BSMiiHflHBHBiHi 

ts.  diitribution  IT ATEMINT  raf  SkRR'O  I 

Approved  for  public  releeae;  diitribution  unlimited. 


IT,  OIITRiaUTION  IT  ATIMKNT  <»t  IA«  wiKrtd  In  glntk  >0,  It  dlHtf$ni  Inm  Htpart) 


It.  lUP^UCMENTANV  NOTH 

Copies  are  obtainable  froo  the  National  Technical  Infortnatlon  Ssrvlca 

Springfield,  VA  22161 

tl<  KKV  wonoi  fConUnu*  nt6ff«4n'  «nd  by  block  nvmbor) 

drinking  water 
organic  compounds 


10.  abstract  (Vait.tau*  m»  ranrta  »lda  H  fw«p«««ir  ant  Idan/llr  Op  Slock  numkt) 

Research  has  been  conducted  by  the  U.S.  Army  Construction  Engineering  Research  ‘ 
Laboratory  (USA-CERL)  to  Inform  fixed  Army  installatlona  aboutt  (1)  the  type  and 
characteristics  of  trace  organic  compounds  that  may  be  found  in  drinking  water.  (2) 
existing  and  proposed  drinking  water  standards  for  trace  organic  compounds  as  mandated 
by  the  Safe  Drinking  Water  Act.  (3)  analytical  techniques  for  measuring  organic 
contaminants  in  water,  nnd  (4)' treatment  processes  and/or  operational  modifications  that 
can  be  used  to  formulate  a  cost-effective  strategy  for  controlling  or  removing  organic 
I  contaminants  from  potable  water. 

DO  1473  tmnoR  or  .  NOV  «» IS  OBSOLETE  UNCUSSIFIED 

lECam'rV  CLAISIPICATIOM  or  this  pTge  fmwi  out  Rni.r.d; 


UNCLASSIFIED 


UCUillTy  CL»MtPICATIOW  OF  THIl  >»AO«f1Wl«w 


BLOCK  20  (Continued) 


To  provide  thli  infortnationi  the  souroesi  typest  eharaoteristios,  and  aignifioanoe  of 
organic  compounda  likely  to  be  found  in  drinking  water  were  reviewed.  In  additioni 
current  and  propoaed  standards  for  organic  compounda  in  drinking  water  as  well  as 
compounds  being  considered  for  regulation  were  studied*  as  were  analytical  techniques 
used  to  isolate*  resolve  and  identify*  and  quantify  these  compounds. 

Operational  modifications  for  controlling  the  formation  of  organics*  particularly 
trihalomethanes*  also  were  reviewed.  Treatment  techniques  for  removing  synthetic 
trace  organic  compounds  were  identified*  with  proven  technologies  emphasized.  Case 
studies*  cost  data*  and  design  guidance  were  consulted  to  aid  in  selecting  an  appropriate* 
cost-effective  strategy  for  providing  safe  potable  water  on  fixed  Army  installations. 
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DACW  88*84'*D'-0Q05  under  EN  4-260.  S.  P.  Shelton  was  an  employee  of  the  University  of 
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Chief,  EN. 
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STRATEGIES  FOR  CONTROLLING  AND  REMOVING  TRACE  ORGANIC 
COMPOUNDS  FOUND  IN  POTABLE  WATER  SUPPLIES  AT  FIXED 
ARMY  INSTALLATIONS 


1  INTRODUCTION 


Baokground 

Concern  is  growing  over  the  literally  hundreds  of  organic  compounds  discovered  in 
drinking  water.  Based  on  Federal  and  state  surveys  to  date>  over  700  organic  compounds 
have  been  identified  in  drinking  water  supplies  on  Army  Installationc  as  well  as  in  the 
general  public.  ^  Many  are  toxic  and  suspected  oarcinogensi  even  in  minute 
concentrations.  These  compounds  may  be  present  in  potable  water  as  a  result  of  chlorine 
reacting  with  naturally  occurring  organic  acids  or  in  surface  and  groundwater  supplies 
contaminated  with  pesticides,  solvents,  or  petroleum  product  constituents. 

The  widespread  use  of  a  broad  array  of  organic  compounds  such  as  pesticides, 
solvents,  and  petroleum  products  has  Increased  the  potential  for  water  supply 
contamination  by  runoff,  spills,  improper  disposal  practices,  or  use  in  water  storage 
vessels  or  pipelines.  Volatile  organic  compounds  have  been  detected  at  the  alarmingly 
high  level  of  several  thousand  mlcrograms  per  liter  in  both  civilian^  and  Army  water 
supplies.^  Trichloroethylene  (TCE),  a  common  solvent  used  at  Army  installations  and  in 
the  civilian  sector,  is  the  synthetic  organic  compound  found  most  frequently  in  Federal 
and  state  groundwater  surveys.  The  U.S.  Environmental  Protection  Agency  (USEPA)> 
recommended  standard  for  TCE  concentration  in  potable  water  is  zero. 

Federal  and  state  regulations  have  now  been  established  limiting  these  compounds' 
presence  in  drinking  water,  So  far,  seven  organic  compounds  are  regulated  and  standards 
are  proposed  for  others.  Several  more  are  being  considered  for  regulation.  These 
regulations  have  caused  thousands  of  public  and  private  wells  to  be  closed.  Water 
treatment  plants  have  had  to  be  upgraded  to  enable  organics  removal  and  equipment  has 
had  to  be  installed  to  treat  water  supplies  not  served  by  a  treatment  plant.  This  trend  to 
regulate  levels  of  organic  compounds  in  drinking  water  is  likely  to  continue  as  the 
compounds'  health  effects  become  known  and  the  ability  to  detect  them  becomes  more 
refined. 

Army  installations  must  comply  with  the  regulations  limiting  organic  compounds  in 
drinking  water.  In  some  oases,  this  may  involve  installing  additional  treatment 
facilities.  A  recent  survey''  of  water  treatment  facilities  at  Army  installations  revealed 
that  41  percent  of  the  installations  surveyed  are  supplied  by  groundwater.  These 
installations  are  the  ones  most  likely  to  have  a  water  supply  contaminated  by  chlorinated 


^J.  E.  Oykaen  and  A.  F.  Hess  III,  "Alternatives  for  Controlling  Organics  in  Groundwater 
Supplies,"  Joumot  of  the  American  Water  Works  Association  (JAWWA),  Vol  74,  No.  8 
(August  1982). 

^J.  E.  Dyksen  and  A.  F.  Hess  III. 

^U.S.  Army  Environmental  Hygiene  Agency  (AEHA),  Water  Quality  Information  Paper 
No.  35  (February  1982). 

''L.  E.  Lang,  J.  T.  Bandy,  and  E.  D.  Smith,  Evaluating  and  Improving  Water  Treatment 
Plant  Processes  at  Fixed  Army  Installations,  Technical  Report  N-85/10  (U.S.  Army  Con¬ 
struction  Engineering  Research  Laboratory  [USA-CERL],  1985). 


hydrocarbon  solvents,  which  are  not  removed  effectively  by  conventional  treatment. 
Furthermore,  installations  served  by  groundwater  supplies  often  have  no  treatment 
facilities  beyond  chlorination  and  fluoridation.  Of  44  installations  surveyed,  over  half 
have  conventional  water  treatment  facilities,  but  these  processes  remove  only  certain 
types  of  organic  compounds.  The  pervasiveness  of  organic  compounds  in  the  environment 
means  that  all  Army  installations  are  susceptible  to  water  supply  contamination  and 
would  be  required  to  install  removal  equipment  or  to  modify  existing  operations  if  these 
compounds  are  detected. 

Information  is  needed  to  help  installations  understand  the  types,  oharacterlstios, 
and  significance  of  organic  contaminants  causing  concern  and  to  identify  which 
compounds  are  regulated.  Guidance  also  is  needed  in  designing  and  selecting  treatment 
methods  and  operational  modifications  to  control  or  remove  trace  organic  compounds. 
This  would  help  in  developing  an  appropriate,  cost-effective  strategy  for  providing  safe 
potable  water  to  Army  installations. 


Objective 

The  objective  of  this  work  is  to  provide  fixed  Army  installations  with  Information 
oni  (1)  the  sources,  types,  characteristics,  and  significance  of  trace  organic  compounds 
that  may  be  fouud  in  drinking  water,  (2)  existing  and  proposed  drinking  water  standards 
for  trace  organics  as  mandated  by  the  Safe  Drinking  Water  Act,  (3)  analytical  techniques 
for  measuring  trace  organic  contaminants  in  water,  and  (4)  treatment  processes  and 
operational  modifications  that  can  be  used  to  formulate  a  cost-effective  strategy  for 
controlling  or  removing  organic  contaminants  from  potable  water, 


Approach 

The  literature  was  reviewed,  including  documents  covering  regulations.  Applicable 
information  was  organized  into  four  chapters  giving  (1)  background  on  the  contaminants 
of  concern,  (2)  overview  of  analytical  techniques  used,  (3)  treatment  plant  designs,  and 
(4)  operational  techniques  for  controlling  trace  organic  contaminants  in  water  supplies. 
Knowledge  of  the  status  of  Army  water  treatment  facilities  as  well  as  lessons  learned 
about  organic  contaminant  removal  in  the  private  sector  also  were  investigated  and 
incorporated. 


Scope 

This  report  aimed  toward  fixed  Army  installations  that  must  monitor  and  remove 
organic  contaminants  found  in  drinking  water,  particularly  compounds  regulated  by 
standards  or  proposed  for  regulation.  The  treatment  processes  described  can  remove  a 
wide  variety  of  organic  compounds,  including  those  now  regulated  and  others  with 
potential  for  reaching  Army  Installation  water  supplies. 


Mode  of  Technology  Transfer 

This  work  is  the  oasis  for  an  Engineer  Technical  Letter,  information  presented 
here  also  may  apply  to  the  following  Technical  Manuals:  TM  5-660,  Operation  of  Water 
Supply  and  Treatment  Facilities  at  Fixed  Army  Installatior\s,  and  TM  5-613-3,  Water 
Supply;  Water  Treatment, 


2  CONTAMINAWTS  OF  CONCERN 


History 

The  driving  force  for  controlling  organic  compounds  in  drinking  water  has  been  the 
Safe  Drinking  Water  Act,  which  was  passed  in  1974,  and  the  subsequent  detection  of  so 
many  potentially  dangerous  organic  compounds  in  drinking  water  supplies.  The  first  set 
of  regulatlons--the  National  Interim  Primary  Drinking  Water  Standards—became 
effective  in  1977  and  established  enforceable  limits  on  the  concentration  of 


trihalo  methanes  (THMs)  and  six  pesticides  in  potable  water. 

In  the  past  12  years,  Federal  and  state  surveys  have  identified  additional  organic 
compounds  in  water  supplies.  Btjed  on  these  findings,  the  USEPA  in  1984  proposed 
standards  for  nine  synthetic  volatile  organ'c  compounds  (VOCa).  These  standards  would 
be  based  on  the  oompounos*  frequency  and  level  of  occurrence  and  potential  health 
effects  as  well  as  the  analytical  methods  available  to  detect  the  compound  In  the  water 
supply.  Several  other  synthetic  organic  compounds  are  being  considered  for  regulation, 
pending  tests  for  carcinogenicity  and  health  risk  assessment. 


Organic  Compounds  With  Standards  or  Proposed  Standards 

Contaminants  that  now  have  enforceable  standards  or  Maximum  Contaminant 
Levels  (MCLs)  under  the  Interim  Primary  Drinking  Water  Standards  are  total  THMs  (total 
content)  and  six  pesticides.  THMs  are  discussed  in  a  separate  section  of  this  chapter  and 
the  six  pesticides  are  listed  in  Table  1.  Four  pesticides  are  chlorinated  hydrocarbons  and 
two  are  chlo.ophenoxys.  These  compounds  do  not  occur  naturally  and  have  been  used  to 
control  vegetation,  fish,  and  aquatic  insects.  They  can  reach  the  water  supply  from  (1) 
runoff,  (2)  spills  oi^  le^ks  from  storage  vessels,  or  (3)  wastewater  discharged  during  the 
compounds'  manufacture  or  use.  Two  pesticides.  Lindane  and  2,4-D,  are  used  commonly 
at  Army  installations. 

Trble  2  lists  the  nine  synthetic  VOCs  for  which  USEPA  has  proposed  standards.  At 
this  time,  the  standards  are  Recommended  Maximum  Contaminant  Levels  (RMCLs), 
which  means  they  are  nonenforceable  health  goals.  During  the  next  2  years,  USEPA  will 
propose  enforceable  MCLs  for  these  contaminants.  The  MCLs  are  to  be  close  in  value  to 
the  RMCLs  and  based  on  health,  treatment  technology,  costs,  and  other 
considerations.^  Adverse  health  effects  associated  with  these  contaminants  include 
mutagenic  and  carcinogenic  potential,  nervous  system  damage,  oardiotoxicity,  and  liver 
and  kidney  damage. 

The  VOCs  in  Table  2  are  almost  all  chlorinated  hydrocarbons;  they  are  volatile  and 
not  very  soluble  in  water.  Trichloroethylene  (TCE)  and  tetrachloroethylene  (PCE)  have 
been  found  most  frequently  In  the  groundwater  supplies  surveyed.^  Chlorinated 
hydrocarbons  are  used  commonly  as  solvents  and  have  a  wide  array  of  other  uses,  such  as 


in  manufacturing  coatings.  Inks,  oils,  plastics,  and  other  chemicals,  fumigants,  and 
refrigerants.  Benzene,  an  aromatic  hydrocarbon,  is  used  in  many  products  such  as  resins, 
detergents,  pesticides,  fuels,  and  synthetic  materials.  These  contaminants  all  can  reach 
water  supplies  after  leaking  from  storage  containers,  leaching  from  paints  and  other 


^Federal  Repistsr,  Vol  49,  No.  IH  (12  June  1984). 
*J.  E.  Ovksen  and  A.  F.  Hess  III. 
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Table  1 


Or^anlo  Compound!  Regulated  Under  Interim 
Primary  Drinking  Water  Standards  (MCLs*) 


Compound 

MCL  (mg/L) 

Total  THM 

0.1 

Endrin 

0.0002 

Lindane 

0.004 

Toxaphene 

O.OOS 

2,4<D 

0.1 

2,4,4-TP  (Siivex) 

0.01 

Methoxyohlor 

0.1 

'^Maximum  Contaminant  Levels. 

Table  2 

Proposed  Standards  (RMCLs*)  for  Volatile 
Synthetio  Organio  Compounds 


Compound  RMCL  (mg/L) 

Trichloroetnylene  (TCE)  0 

Tetrachloroethylene  (PCE)  0 

Carbon  tetrachloride  0 

Iflfl-Trichloroethane  0.2 

Vinyl  chloride  0 

1>2-Otohloroethane  0 

Benzene  0 

l«l-Diohloroethylene  0 

Dichlorobenzene  0.75 


*  Recommended  Maximum  Contaminant  Levels. 
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coatings,  or  being  used  in  pesticides,  fungicides,  herbicides,  and  at  manufacturing 
plants.  Many  have  been  designated  "hazardous  substances"  under  regulations  resulting 
from  the  Federal  Water  Pollution  Control  Act  (40  CFR  116),  are  regulated  as  Hazardous 
Wastes  under  regulations  pursuant  to  the  Resource  Conservation  and  Recovery  Act  (40 
CFR  261  Subpart  D),  or  are  listed  as  Priority  Pollutants  in  USEPA's  National  Pollutant 
Discharge  Elimination  System.  The  compounds  are  used  at  Army  installations  as  solvents 
(e.g.,  TCE)  or  as  constituents  of  petroleum  products  (e.g.,  benzene). 


Organic  Compounds  Being  Considered  for  Regulation 

Synthetic  organic  compounds  being  considered  for  regulation  include  several 
registered  pesticides,  some  polynuclear  aromatic  hydrocarbons  (PAHs),  certain  esters, 
and  acrylamide  (Table  3).^  Which  of  these  will  be  regulated  depends  on  results  of 
oarclnogeniolty  tests  and  other  health  risk  assessments.  The  pesticides  being  considered 
have  been  detected  in  drinking  water  supplies,  are  registered  for  use  in  or  around 
drinking  water,  or  potentially  could  reach  water  supplies.  The  PAHs  can  enter  drinking 
water  supplies  when  coal  tar  products  leach  from  tank  coatings  and  pipe  linings.  The 
pthalates  (pthalic  acid)  and  adipates  (adipic  acid),  used  in  manufacturing,  are  insoluble  in 
water  and  do  not  degrade  easily.  Acrylamide  is  used  In  water  treatment  processes  and 
may  be  toxic  to  the  nervous  system;  it  also  may  be  carcinogenlo. 

The  great  number  of  organic  compounds  in  use  presents  significant  potential  for 
contamination  of  water  supplies  by  several  processes,  such  as  leakage  and  spills  from 
storage  and  transport  vessels,  Inappropriate  disposal  practices,  and  leaching  action  from 
organic  compounds  exposed  or  applied  to  the  environment. 


Trlhalomethanes  (THMs) 

The  THMs  found  in  drinking  water  supplies  usually  are  formed  upon  chlorination  of 
precursor  organics  in  the  raw  water  supply.  As  the  name  implies,  these  compounds  ere 
derivations  of  methane.  THMs  are  formed  when  one,  two,  or  three  of  methane's  (CH^) 
four  hydrogen  atoms  are  replaced  by  a  halogen.  Chlorine,  bromine,  or  iodine  atoms  are 
actually  the  only  halogens  of  concern.  Ten  molecular  combinations  are  possible  in  THM 
formation,  as  Figure  1  shows.^  In  surface  waters,  chloroform  and  bromodlohloro methane 
are  the  primary  THMs  because  of  the  humic  precursors'  characteristics.  In  groundwater 
systems,  the  species  formed  are  more  difficult  to  predict  since  the  precursor  source  in 
groundwater  can  vary  widely.  The  general  chlorine/organic  precursor  reaction  that 
generates  THMs  can  be  expressed  asi 

Free  chlorine  precursors  •»  THMs  byproducts 

Chlorine  is  a  very  effective  disinfectant  for  potable  water  treatment  and 
distribution  systems.  This  benefit  outweighs  the  risk  of  THMs'  suspected  carcinogenic 
effects;  however,  methods  for  controlling  THMs  without  compromising  the  bacterial 
quality  of  potable  water  should  be  pursued  with  vigor. 


^Federal  Register,  Vol  48,  No.  194  (5  October  1983). 

*K.  W.  Timmerman,  An  Investigation  and  Evaluation  of  Trlhalomethanes  In  Public 
Drinking  Water  on  Hilton  Head  Island,  South  Carolina,  Unpublished  Masters  Thesis, 
University  of  South  Carolina,  Columbia  (1983). 


Table  3 


Figure  1. 
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Orguilo  Compounde  Being  Considered  for  Regulation* 


Aldicarb 

Chlordane 

Daltpon 

Diquat 

Endotnall 

Qlyphoaate 

Carbofuran 

1, 1  •2-Triohloroethane 

Vydate 

Slmaiine 

PAHS 

Atrisine 

Pthalates 

Aorylamide 

*Fromi  Federal  R9gi3ttr,  Vol 


Oibromoehloropropane 

1,2-DiohloFopropane 

Pentaohlorophenol 

Ptohloram 

Dinoaeb 

Alaohlor 

Ethylene  dibrotnide 

Epiohiorohydrin 

DlbFomomethane 

Toluene 

Xylene 

Adipates 

Hexaohlorooyolopentadiene 
2,3,7,B'-TCDD  (Dioxin) 

48>  No.  194  (5  October  1983). 
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structural  formulae  and  names  of  the  trihalomethanei.  (Promt  K.  W. 
Timmerman,  An  /nvestipotion  and  Evaluation  of  Trihalomathanos  In 
Public  Drinking  (Voter  on  Hilton  Head  Island,  SC,  Unpublished  Masters 
Thesis,  University  of  South  Carolina,  Columbia  [1983].) 
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THM  precursors  are  products  of  naturally  occurring  humic  and  fulvic  acids  or  other 
organics  from  industrial  discharges  that  find  their  way  into  the  raw  source  water. 
Although  the  surface  water  route  is  the  most  common,  groundwater  supplies  often  are 
contaminated  by  return  flows  from  industrial  sources  (e.g.,  spills,  leaking  tanks)  and 
natural  sources  (e.g.,  swamps,  bogs). 

Besides  the  presence  of  precursors  and  chlorine,  several  other  components  are 
critical  in  THM  formation.  Specifically,  water  temperature,  pH,  bromine  concentration, 
and  chlorine  contact  time  contribute  greatly  to  the  rata  of  THM  formation.  For 
example,  .Ohio  River  water  was  evaluated  for  chloroform  formation  as  a  function  of 
temperature  and  pH. ^  The  temperature  range  evaluated  was  between  3  and  40*C. 
Figure  2  presents  data  that  were  collected  at  three  times  during  a  1-year  period.  The 
coincident  variation  of  chloroform  in  the  Cincinnati  water  distribution  system  ranged 
between  30  and  200  ug/L.  Water  temperature  variations  were  identified  as  one 
component  of  the  chloroform  variation  due  to  the  impact  of  temperature  on  reaction 
rates.  Other  factors  may  also  affect  the  variation  such  as  the  fluctuation  in  humios  due 
to  the  season  of  the  year. 

It  has  also  been  reported  that  pH  affects  the  reaction  rate  in  THM  formation. 
The  formation  rate  tends  to  increase  with  increasing  pH,  as  Figure  3  shows.  However, 
the  ultimate  amount  of  THM  formed  appears  to  be  relatively  independent  of  pH}  only  the 
rate  of  reaction  is  pH-dependent. 

Bromine  also  has  been  shown  to  affect  the  rate  and  character  of  THM 
formation. '  ^  Specifically,  as  the  bromine  concentration  increases,  the  rate  of 
chloroform  formation  decreases  while  that  of  bromoform  formation  increases.  The 
mixture  of  brominated  forms  will  dominate  the  chlorinated  forms  and  the  total  THM 
concentration  may  increase  relative  to  the  same  water  without  bromine. 

This  particular  phenomenon  may  have  major  impact  on  Army  installations  located 
in  coastal  or  desert  regions.  In  coastal  areas,  one  of  the  most  common  groundwater 
problems  is  saltwater  intrusion,  whereas  in  deserts  groundwater  mining  results  in  saline 
water  rising  up  from  lower  aquifers.  Incident  to  saltwater  intrusion  is  Intrusion  by  the 
bromine  contained  in  most  saltwater  systems  (both  seawater  and  saline  Inland  aquifer). 
If  a  saltwater-contaminated  aquifer  is  used  as  a  potable  water  source,  brominated  THMs 
will  form  when  enough  organic  precursors  are  present. 


®M.  D.  Arguello,  et  al.,  "Trlhalomethanes  in  Waten  A  Report  on  the  Occurrence, 
Seasonal  Variation  in  Concentrations,  and  Precursors  of  Trlhalomethanes,"  JAWWA, 

Vol  71,  No.  9  (September  1979)}  J.  M.  Symons  and  Q.  0.  Robeck,  "Treatment 
Processes  for  Coping  With  Variation  in  Raw  Water  Quality,"  JAWWA,  Vol  87,  No.  3 
(March  1978);  J.  M.  Symons,  et  al.,  "National  Organics,"  JAWWA,  Vol  67,  No.  11 
(November  1975). 

‘°M.  D.  Arguello,  et  al.;  American  Water  Works  Association  (AWWA),  Analyrlng 
Organics  in  Drinking  Water,  AWWA  Technical  Resource  Book  (1981). 

‘  ^AWWA,  "Organic  Contaminants  in  Water,"  Committee  Report,  JAWWA,  Vol  88,  No.  11 
(November  1974);  AWWA,  1981. 
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The  final  major  factor  affecting  THM  formation  Is  chlorine  contact  time. '  *  The 
reaction  rate  depends  on  the  precursors!  environment,  and  chlorine  species  available; 
therefore,  sampling  strategies  must  consider  the  contact  time  between  chlorine  addition 
and  measurement  of  THM  concentrations  to  Insure  comparability  of  laboratory  data. 
Reaction  rate  curves  often  can  be  developed  for  a  given  water,  environment,  and  chlo¬ 
rine  combination. 

THMs  are  considered  the  most  prevalent  organic  problem  In  potable  water  sup¬ 
plies.  They  can  be  generated  In  several  ways  and  can  change  character  for  many  very 
subtle  reasons.  Methods  for  control  and  treatment  are  discussed  in  Chapter  4  in  the  sec¬ 
tions  entitled  Oxidatlon/Dtsinfeotion— THM  Controlt  Chemical  Coagulation^  Evaluating 
How  to  Improve  Coagulation,  and  Activated  Carbon  Adsorption,  and  in  Chapter  5  In  the 
section  Air-Stripping.  Additional  Information  Is  in  USA-CERL  Technical  Report 
N-85/10. 


^  *D.  J.  Moore,  Trihalomethanaa  In  Drinking  Wattr:  Four  Unit  Processes  for  Removal, 
Report  U8C-CE-79-104,  University  of  South  Carolina,  Columbia  (August  1979); 

J.  J.  Richard  and  Q.  A.  Junk,  "Liquid  Extraction  for  the  Rapid  Determination  of 
Halomethanes  in  Water,"  JAWIVA,  Vol  69,  No.  1  (January  1977). 


3  ANALYSIS  OP  TRACE  ORGANICS  IN  WATER 


One  criterion  the  USEPA  used  in  selecting  VOCs  to  be  regulated  Is  the  availability 
of  analytical  methods  to  detect  the  contaminant.  For  this  reason*  a  discussion  of 
methods  for  determining  the  concentration  of  organic  contaminants  is  merited. 

Analyzing  trace  organics  in  water  involves  determining  the  amount  and  type  of 
carbon-containing  molecules  present.  To  achieve  this  objective*  numerous  methods  have 
been  developed  for  isolating*  resolving*  identifying*  and  quantifying  (detecting)  the 
complex  mixtures  of  organic  compounds  present  in  water.  Figure  4  illustrates  the 
methods  involved  in  the  isolation*  resolution*  and  detection  steps.  Organic  compounds  in 
water  typically  are  delineated  on  the  basis  of  polarity*  volatility*  and  molecular  weight. 
With  this  in  mind*  the  methods  for  trace  organic  analysis  can  be  categorized  into  a  uni¬ 
form  conceptual  approach.  ‘  ^ 

Trace  organic  analysis  has  advanced  greatly  over  the  past  daoadei  however*  much 
more  progress  must  be  made  before  all  organics  in  water  can  be  identified.^**  Of  the  2 
million  organic  compounds  known*  only  500*  or  0.03  percent*  have  been  detected  In  water 
supplies.  Current  detection  limits  at  the  microgram  per  liter  level*  but  it  is  anticipated 
that  increased  numbers  of  compounds  will  be  found  as  detection  limits  reach  the 
nanogram  or  plcogram  level.  This  increase  Is  predicted  based  on  the  trend  observed  from 
historical  detection  levels  of  1  mg/L*  when  approximately  SO  organics  were  known  to 
contaminate  water  supplies*  to  present  technology.  If  progress  continues  at  the  same 
rata  (one  order  of  magnitude  of  new  organics  par  thrae-ordar  magnitude  of  detection)*  by 
the  time  picogram  detection  limits  are  reached*  soma  5  million  organic  chemicals  could 
be  detected*  assuming  that  many  existed. 

Even  though  very  few  of  the  organics  in  water  supplies  have  been  Identified*  ‘ " 
considerable  Information  is  available  characterizing  many  compounds.  This  Information 
is  useful  in  classifying  organics  for  both  analysis  and  unit  process  design. 

The  criteria  defined  previously  for  classification  are  volatility*  molecular  weight* 
and  polarity.  "Volatility"  Is  the  physical  property  of  vaporizing  or  evaporating  quickly 
and  corresponds  roughly  with  the  boiling  point  of  the  compound.  Volatility  has 
applications  in  analytical  concentrating  techniques  and  In  treatment  strategies  such  as 
air-stripping.  "Molecular  weight"  is  the  number  of  grams  in  1  mole  of  a  substance.  This 
characteristic  can  be  used  in  analytical  separation  procedures  and  in  treatment  for 
selective  adsorption  properties.  The  final  classification  component*  "polarity*"  describes 
the  degree  to  which  one  part  of  a  molecule  Is  more  positively  or  negatively  charged  than 
the  other.  Polarity  helps  determine  how  effective  adsorption  is  at  removing  organic 
compounds. 


^  ^I.  H.  Suffat  and  J.  V.  Radzul,  "Guidelines  for  the  Quantitative  and  Qualitative 
Screening  of  Organic  Pollutants  in  Water  Supplies*"  JAWWA,  Vol  68*  No.  10 
(October  1976). 

‘'*AWWA*  1981|  R.  C.  Dressman*  at  al.*  "Comparison  of  Methods  for  Determination  of 
Trlhalomethanes  In  Drinking  Water*"  JAWWA,  Vol  71*  No.  7  (July  1979). 

*'^R.  C.  Dressman,  at  al.i  AWWA*  1981. 


FIffur*  4,  Bttpi  In  analyilng  organlot  In  water.  (Fromi  R.R.  Truiiell  and  A.  R. 

Truiialli  '’Evaluation  and  Treatment  of  Synthatlo  Organlos  In  Drinking 
Water  Suppllea,"  JAWWA,  Vol  72,  No.  8  lAWWA,  Auguit  1980].  Uaed 
with  permlsalon.) 


Table  4  lista  some  organics  that  have  been  found  in  water  supplies,  ciassified 
according  to  volatility,  molecular  weight,  and  polarity.  The  schematic  is  a 
ganeralization  with  many  overlapping  areas,  omissions,  and  exceptions  to  the 
olassifioations  shown.  Variations  also  are  possible  within  each  chemical  class,  for 
example,  substitution  by  a  halogen.  Even  with  these  limitations,  the  trends  shown  are 
valid  for  the  number  of  organic  compound  classes. 

Table  5  gives  methods  for  Isolating  organics  using  the  same  framework  as  Table  4. 
The  most  volatile,  polar,  and  water-soluble  organics  generally  are  not  isolated  but  are 
directly  subjected  to  analysis,  such  as  direct  injection  gas  chromatography. '  ^  Less  polar 
volatile  organics  are  Isolated  by  allowing  them  to  partition  into  the  gaseous  phase 
(headspace)  above  the  water)  partitioning  can  be  enhanced  by  using  dynamic  gas  flow  or 
by  trapping  the  organics  after  they  enter  the  gas  phase.  More  polar  organics,  which  are 
difficult  to  recover  with  the  dynamic  headspace/adsorption  technique,  can  sometimes  be 
Isolated  through  a  concentrating  distillation  step  before  headspace  removal.^* 

Liquid-liquid  extraction  (LLE)  techniques,  in  which  organics  are  partitioned  into  an 
organic  solvent  brought  into  contact  with  the  water  sample,  can  be  used  with 
semivolatile  compounds.  LLE  methods  typically  are  not  applied  to  volatile  compounds 
because  extraction  is  followed  by  boiling-off  the  solvent  for  concentration.  However, 
the  LLE  technique  without  the  concentration  step  has  been  used  widely  for  THM 
analysis.  For  more  polar  organics  that  are  less  amenable  to  LLE,  a  pH  adjustment  or 
derivatlzatlon  often  converts  them  to  an  extractable  form. 

When  isolating  organics  from  large  amounts  of  water,  the  adsorption/elution 
method  can  be  used,^*  "Adsorption"  is  a  material  property  in  which  molecules  adhere  to 
a  surface  with  which  they  come  into  contact  duo  to  forces  of  attraction  on  the 
surface.  In  this  technique,  organics  are  trapped  on  an  adsorbent  resin  or  activated 
carbon  and  subsequently  desorbed  by  washing  with  an  organic  solvent.  Selected  resins 
that  cover  a  wide  range  of  polarities  can  be  used  to  maximise  recovery  of  various 
organics  of  concern  In  the  same  way  that  solvent  polarity  can  be  varied  In  LLE 
techniques.  Adsorption/elution  often  is  more  suitable  than  LLE  for  high  molecular 
weight  org>^nic  compounds  because  these  compounds'  kinetics  of  adsorption  are  faster 
than  their  partitioning  equilibrium. 

The  most  polar-heavy  organics  are  best  suited  to  vacuum  distillation  and  freeze- 
drying  techniques,  which  remove  water  selectively  and  leave  the  organic  behind  as  a 
residue.  Less  polar,  high  molecular  weight  organics  are  Isolated  by  reverse  osmosis  and 
ultrafiltration.  Reverse  osmosis  uses  a  pressure-induced  gradient  to  concentrate 
organics  and  other  specified  solutes  on  a  membrane's  low  pressure  side.  Ultrafiltration  is 
a  similar  process  but  concentrates  solutes  by  molecular  weight  rather  than  chemical 
nature. 


^*AWWA  Committee  Report,  1974)  AWWA  Committee  Report,  "Organic  Contaminants  In 
Water  Supplies,"  JAWWA,  Vol  67,  No.  8  (August  1978)|  C.  M.  Bolton,  "Cincinnati  Re¬ 
search  in  Organics,"  JAWWA,  Vol  67,  No.  7  (July  1978). 

'^AWWA,  1981. 

^'J.  P.  Mieure,  "A  Rapid  and  Sensitive  Method  for  Determining  Volatile  Organohalldes 
in  Water,"  JAWWA,  Vol  60,  No.  1  (January  1977). 

‘•a.  R.  Trussell,  at  al.,  "Precise  Analysis  of  Trlhalomethanes,"  JAWWA,  Vol  71,  No.  7 
(July  1979). 

^^W.  Weber,  Phyaioochemicol  Proc§8a§a  for  Water  Quality  Control  (Wiley  Interacience, 
1971). 


Ttbla  4 


Sstematie  Clanlfleatlon  of  Oiftnlot  Found  in  Water 


Polarity 

0  4  0 

^  0  ♦ 

Volatility 

Volatlla 

Samtvolatlla 

Nonvolatlla 

Polar 

Aloohola 

Katonai 

Carboxyllo 

aoldi 

Aloohola 

Xatonaa 

Carboxyllo 

acldi 

Polyalaotrolytai 
Carbohydrataa 
Pulvio  aotdi 

Samipolar 

Ethan 

Eatan 

Aldahydaa 

Ethan 

Satan 

Aldahydaa 

Hatarooylloa 

Protalna 
Carbohydrataa 
Humlo  aolda 

Nonpolar 

Allphattd, 

aromatio 

hydreoarbena 

Allphatlo* 

aromatlot 

alleyollot 

arana 

hydrooarbona 

Lignin 

Molaoular  Walfht 

Low 

♦  ♦  o 

Madlum 
«  *  * 

.  HUh 

TabiaS 

laolatlon  of  Orfatdo  Compound!  found  In  Watar 


Polwlty  *  *  *  » _ *  »  >  »  *  Volatility 


Volttll* 


StmIvolfttlU  Nonvolatll* 


Polar 


Nona 


Dlittllatton 


DarWattaatlon 

Liquid-liquid  Adiorptlon  Vaouum  dlitlllatlon 

aitraotlon  Elution 

pH  Adjuatmant  Prataa  drying 


Haadipaot 

Bamlpolar  Liquid-liquid  Adiorptlon  Havana  oimoili 

aatraatlon  Elution 

Dynamlo  Itaadapaoo 
adiorptlon 


Haadapaoa  Liquid-liquid  Adiorptlon 

adiorptlon  aitraotlon  Blutlon 

Nonpolar  Ultraflltratlon 

Kaadnpaoa 


Molaoular  Walflit  Low 


Madlum 


HlCh 


Some  factors  that  influence  Isolation  of  organics  from  water  are  temperature, 
pressure,  equilibration  time,  Ionic  strength,  pH,  and  particulate  adsorption.  With  the 
exception  of  particulate  adsorption,  these  factors  typically  can  be  standardized  for  a 
specific  application  to  maximize  recovery.  Natural  waters  vary  greatly  in  particulate 
charaoterlstlcs;  thus,  the  surface  properties  of  the  particulates,  which  can  absorb  and 
desorb  organics,  may  vary  widely  among  waters  evaluated.  Particulates  pose  the  most 
difficult  Issue  In  current  isolation  techniques  relative  to  reproducibility  of  results. 

After  the  organlo(s)  of  concern  have  been  removed  from  the  water,  the  Isolate 
typically  contains  a  complex  mixture  of  organic  compounds.  The  most  common 
technique  used  to  resolve  this  mixture  Is  chromatography,  a  process  of  selectively 
separating  the  components  of  a  mixture  Into  distinct  constituents.  Chromatography  la  a 
complex  phenomenon,  combining  aspects  of  thermodynamics,  kinetics,  and  transport 
properties. 

Chromatographic  separation  usually  Is  achieved  by  one  of  four  techniquest 
adsorption,  partitioning,  size  exclusion,  and  Ion  exchange.  In  adsorption  chromatography, 
thq  organic  mixture  is  transported  In  a  mobile  fluid  phase  across  a  solid  stationary 
phase.  As  the  organics  travel  across  the  stationary  phase,  each  compound  spends  a 
characteristic  amount  of  time  bound  statically  to  the  solid  phase.  Thus,  the  compounds 
elute  one  at  a  time  from  the  end  of  the  solid  phase  with  the  least  adsorbed  organic 
evolving  first.  Adsorption  chromatography  is  best  suited  for  resolving  organics  with 
polar  groups  that  promote  selective  adscrptlon. 

Partition  chromatography  Is  similar,  but  the  solid  phase  Is  coated  with  a  stationary 
fluid  Into  which  organics  dissolve  rather  than  adsorb.  Therefore,  partltlonal  systems  can 
be  used  for  both  polar  and  nonpolar  organics* 

Size-exclusion  chromatography  (SEC)  separates  organics  according  to  molecular 
weight  through  a  permeation  or  filtration  process.*  ‘  In  the  permeation  process,  organics 
travel  through  a  medium  containing  many  small  pores.  The  smaller  compounds  spend  a 
high  percentage  of  time  In  the  pores  whereas  the  larger  compounds  spend  much  less  time 
In  the  pores.  Therefore,  organic  compounds  are  eluted  selectively  from  the  column  with 
the  high  molecular  weight  fraction  coming  off  first.  In  the  filtration  mode  of  SEC,  the 
elution  order  is  reversed. 

Ion-exchange  chromatography  Involves  the  Interchange  of  Ions  In  the  mixture  to  be 
resolved  with  Ionic  groups  on  a  synthetic  organic  resin.  Compounds  least  favorably  held 
by  the  resin  come  off  the  column  first.  Since  Ion  exchange  Is  an  electrostatic  attraction 
process,  the  organics  suitable  for  this  process  are  those  containing  or  transformed  to 
compounds  containing  Ionic  functional  groups. 

Table  8  summarizes  resolution  techniques  for  the  different  classes  of  organic 
compounds  found  In  water.  Although  a  theoretically  sound  resolution  technique  Is 
available  for  each  type  organic  compound  present  In  water,  the  technology  for  using  gas 
as  the  mobile  fluid  phase  Is  developed  better  than  liquid-carrier  techniques.  Before  the 
1970s,  gas  chromatography  dominated  the  other  procedures  because  of  superior  speed, 
resolution,  and  detectors.  However,  recent  Improvements  In  high-pressure  liquid  systems 
have  greatly  Increased  the  use  of  hlgh-resolutlon  liquid  column  chromatography.  This 
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procedure  separates  liquid-soluble  organicsi  in  addition  to  gas-soluble  or  volatile 
compounds,  by  high-pressure  liquid  chromatography. 

Once  organics  In  water  have  been  isolated  and  separated,  they  must  be  Identified 
and  quantified.  Table  7  lists  detection  devices  typically  used  for  observing  the  organics' 
physical  and  chemical  properties.  Although  many  organics  have  oharaoteristlos  well 
suited  to  detection  by  several  techniques,  the  best  detectors  for  both  volatile  and 
semivolatile  organics  are  those  used  in  conjunction  with  gas  chromatography. 

The  flame-ionization  detector  is  a  relatively  sensitive,  nonspecific,  ‘  universal 
device  for  detecting  organic  compounds  with  a  wide  dynamic  range.  The  electron 
capture  detector  is  very  sensitive  and  is  specific  for  compounds  containing  oxygen, 
halogens,  nitrogen,  and  several  other  organics.  The  thermionic  or  alkali  flame  detector 
alsc  is  highly  sensitive  and  has  two  variations!  one  that  detects  organics  containing 
phosphorus,  the  other  for  nitrogen-containing  organics.  Electrolytic  conductivity  and 
microooulometrio  detectors  are  moderately  sensitive  and  are  specific  for  compounds 
containing  halogen,  sulfur,  and  nitrogen.  All  of  these  detectors  have  linear  rangaa 
greater  than  1000  and  therefore  can  both  Identify  and  quantify  organic  compounds.  The 
mass  speotromater  is  one  of  the  most  useful  detectora  baoauat  it.  reveals  apeolflo 
information  about  the  structures  of  organics  being  analyzed.  Thua^  unknown  oompounda 
oan  be  identified  and  than  quantified  using  one  of  the  more  linear  deteotori. 

Tha  nonvolattlf,  high  molecular  weight  organics  art  more  difficult  to  detect  and 
quantify.  Because  these  molecuiei  are  so  large  and  typically  contain  aaveral  organic 
groups,  the  physioal/chemioai  properties  are  manifested  as  a  oompoaita.  Thase 
properties  osn  be  observed  using  several  dlfferant  deteotorai  ultraviolit-viilble 
absorbance,  fluorescence,  Infrared  abiorbanca,  nuclear  magnetic  resonance,  and 
photoconduotlvity.  Bioassay  technlquas  somatlmei  art  used  for  organic  spaoiaa 
dfteotlon.  Mutant  Isolates  of  an  orgtihio  oi^tan  oan  identify  and  acmetlmaa  quantify 
oarotnoganlo  potential. 

Another  approach  used  for  isolating  nonvolatile,  nonpolar,  htavy  organioa  is  division 
of  the  molecules  Into  identifiable  fractions  that  art  than  uiad  to  datarmina  the 
molecule's  original  configuration.  Methods  used  for  fractionating  largs  organic 
molecules  include  pyrolyiis,  oncmical  cleavage,  oxidation,  and  mlororeaotion.  Once  the 
high  molecular  weight  oompounda  have  been  reduced  to  smaller  pieces,  advanced  gai 
chromatography  deteotori  oan  be  used  along  with  those  previously  Identified  to 
determine  the  molecule's  original  structure.  High  molecular  waight,  nonpolar  molaoules 
are  by  far  the  most  difficult  to  define  "nd  quantify  with  current  technology. 

The  future  will  bring  Improved  teohnlquee  for  identifying  and  quantifying  organics 
in  water  supplies.  With  this,  methods  for  defining  the  high  molecular  weight  organics 
that  comprise  most  of  the  total  organic  carbon  (TOC)  will  ba  defined  better.  Organic 
analysis  apnears  to  be  moving  quiokiy  from  the  present  mlorogram  per  liter  sensitivity  to 
the  ploogra'm  per  liter  level.  This  tdvanoed  detection  will  greatly  expand  the  number  of 
organioa  of  oonosrn  In  drinking  water  supplies. 
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Table  6 


Resolution  of  OrgAnto  Compounds  F)fom  Water; 
Chromatographic  Techniques 
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Table  7 

Typical  Detection  Devices 


Polarity 
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4  CHEMICAL  TREATMENT/SEPARATION  PROCESSES 


Overview 

Unit  processes  for  removing  or  destroying  organics  in  a  source  water  vary  as  a 
function  of  the  organics'  type,  species,  and  concentration.  Thus,  as  with  analytical 
techniques  for  their  evaluation,  organics  are  removed  or  destroyed  in  water  treatment 
unit  operations  through  their  inherent  characterlstlcs—polarity,  volatility,  and  molecular 
weight. 

The  concentrat!  ^n  of  particulate  and  dissolved  organic  matter  In  the  raw  water  can 
be  reduced  through  improved  coagulation,  adsorption  onto  materials  such  as  activated 
carbon,  membrane  processes  such  as  ultrafiltration  or  reverse  osmosis,  and  chemical 
oxidation.  Membrane  processes  and  chemical  oxidation  are,  in  general,  not  cost- 
effective  unless  specific  toxic  organics  that  are  not  well  suited  to  adsorption  are  of 
concern. 

The  unit  processes  mentioned  above  can  be  divided  into  groups  that  describe  the 
basic  mechanism  of  removal.  Although  the  processes  could  be  grouped  in  many  ways, 
two  categories  were  chuseni  chemical  treatment/separation  and  physical  treatment/ 
separation.  Table  8  shows  these  two  categories  and  the  removal  processes,  along  with 
some  characteristics  of  the  organic  compounds  removed.  Chemical  treatment/ 
separation  methods  are  discussed  in  this  chapter  whereas  the  next  chapter  covers 
physical  treat menl/separation. 

Chemical  treatment/separation  refers  to  processes  that  destroy  or  separate 
contaminants  from  water  by  adding  a  chemical.  These  processes,  as  related  to  water 
supply,  include  chemical  coagulation,  oxidation,  solvent  extraction,  and  adsorption. 
Since  coagulation  and  oxidation  often  are  standard  surface  water  treatment  processes, 
organic  contaminants  can  be  controlled  by  implementing  an  operational  modification. 
Thus,  if  an  untreated  groundwater  source  contains  organics  that  require  removal, 
coagulation  and  oxidation  can  be  considered  as  alternatives  when  evaluating  treatment 
processes.  This  category  includes  activated  carbon,  which  probably  is  the  technique  best 
suited  for  treating  organic  contaminants  in  raw  source  waters  under  the  current  state  of 
knowledge. 


Trihalomethaiie  (THM)  Control 

Several  unit  processes  and  operational  strategies  suppress  THM  formation.  Since 
THMs  have  enforceable  drinking  water  standards  and  are  frequently  found  in  drinking 
water,  there  is  much  laboratory  and  plant  experience  in  controlling  them.  Less 
information  is  available  on  plant  work  to  control  other  organics,  but  some  proven  and 
new  treatment  processes  for  removing  or  destroying  them  are  available. 

in  February  1983,  the  USEPA  identified  five  methods  representing  the  "best 
technology  treatment  techniques  or  other  means  generally  available"  to  achieve 
compliance  with  the  0.1  mg/L  limit  for  THMs  in  drinking  water.  These  methods  (Table  8) 
are  almost  all  aimed  at  preventing  THM  formation  and  are  discussed  in  this  report  to  the 
extent  that  they  could  be  used  at  Army  installations.  Of  these  methods.  Improving 
existing  clarification  (settling)  to  remove  precursors,  moving  the  point  of  chlorination, 
substituting  othe.  preoxidants,  and  using  chloramines  are  the  most  pre  mlsing  ways  to 
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Table  B 


Treatment  Prooeises  for  Organies  Removal  and  Suitable  Types 
and  Cliaraoterlstlos  of  Compounds  Removed 


Treatment/Separation 

Processes 


Types/Charaoteristios  of 
Compounds  Removed 


Chemical 

Chemical  coagulation 

Oxidation 
Clarification 
Disinfectant  practices 
Solvent  extraction 


THM  and  THM  precursors^  high  molecular 
weight  synthetic  organics 

THM  and  THM  precursors 

THM  and  THM  precursors 

THM 

Volatile  and  semlvolatlle»  polar  and  nonpolar 
organics,  low>medium  molecular  weight 


Adsorption  granular- 

activated  carbon  (QAC)  THMs,  THM  precursors,  taste-  and  odor- 

producing  organics,  chlorinated  hydrocarbon 
solvents,  low-polarity,  low  solubility 
compounds 

Powdered-activated  carbon  (PAC)  High  molecular  weight  compounds 


Synthetic  resins  Chlorinated  hydrocarbon  solvents,  low  or  high 

molecular  weight,  depending  on  compound  of 
interest 


Physical 

Evaporation/volatilization  Low  molecular  weight,  volatile  organics 

Distillation  High  molecular  weight,  polar,  volatile 

organics 

Air-stripping  Moderately  volatile  organics,  some  aromatics 

and  pesticides,  vinyl  chloride,  THMs, 
chlorinated  benzene,  halogenated  organic 
compounds 

Steam-stripping  Moderately  volatile,  medium  molecular 

r/eight  organics 


Membrane  processes  (reverse 
osmosis,  ultrafiltration) 


Higher  molecular  weight  organics,  some 
priority  pollutants 


control  THMs.  These  methods  make  use  of  conventional  treatment  processes  and  have 
been  practiced  at  Army  and  municipal  water  treatment  plants. 

Oxldation/Dliinfeotlon— THM  Control 

Although  THMs  are  the  only  halogenated  organics  currently  regulated  (other  than 
halogenated  organic  pesticides),  they  represent  only  a  single  class  of  organic  halides 
produced  when  raw  source  waters  containing  natural  and/or  synthetic  organics  are 
chlorinated  during  the  course  of  potable  water  treatment.  It  has  been  suggested  that 
total  organic  halide,  as  well  as  THM,  formation  be  minimized. One  way  to  do  so  is  by 
relocating  the  point  of  disinfection  and/or  using  alternative  disinfectants  along  with 
improving  the  coagulation,  flocculation,  and  separation  process,  as  previously  shown  in 
Table  9.^^  This  section  describes  moving  the  point  of  disinfection  and  using  alternative 
oxidants  and/or  disinfectants,  with  coagulation  strategies  discussed  in  a  later  section. 

Several  facilities  have  moved  chlorination  to  a  later  step  in  the  treatment  process, 
such  as  before  or  after  the  filters,  to  reduce  the  contact  time  between  chlorine  and 
organics.  Therefore,  since  some  organics  and  ohlorine-'demandtng  substances  are 
removed  in  the  coagulation/sedi mentation  process,  there  are  fewer  THM  forming 
substances  present  when  chlorine  is  applied.  This  allows  the  dose  to  be  reduced  greatly. 
Of  312  utilities  surveyed  in  1978,  20  percent  do  not  chlorinate  until  after  sedimentation 
or  filtration.^'*  A  USEPA  study  of  nine  utilities  showed  that  the  total  THM 
concentration  in  finished  water  was  reduced  by  up  to  80  percent  by  delaying 
chlorination.^’  Moreover,  an  Army  Environmental  Hygiene  Agency  (AEHA)  study  in  1979 
at  Fort  Monroe  demonstrated  that  finished  water  total  THMs  were  reduced  50  percent  by 
eliminating  prechlorination.^’  The  Louisville,  KY,  Water  Company  reduced  average 
total  chlorine  consumption  by  about  80  percent  as  a  result  of  moving  the  chlorination 
step  to  the  sedimentation  basin  outlet,  before  the  softening  step.  Previously,  the 
chlorine  dosage  was  120  to  140  Ib/MQ*  and  12  to  18  Ib/MQ  for  pre-  and  postohlorlnatlon, 
respectively.  With  the  new  arranagement,  only  20  Ib/MQ  are  used  before  the  softener 
and  6  Ib/MQ  after  filtration.  (Ammonia  also  is  added  at  both  points  to  create  a  combined 
residual.)  THM  levels  once  exceeded  the  MCL,  but  now  they  are  less  than  20  percent  of 
the  MCL,  according  to  the  Louisville  Superintendent  of  Purification  Works. 

To  take  advantage  of  coagulation,  settling,  and/or  filtration  in  removing  THM 
precursors,  an  alternative  pretreatment  oxidant  may  be  needed  to  control  iron, 
manganese,  taste,  odor,  and  algae.  Potassium  permanganate,  ozone,  and  chlorine  dioxide 
arc  all  known  to  be  effective  oxidants  that  can  be  substituted  for  prechlorination. 
Potassium  permanganate  has  been  shown  to  be  effective  in  reducing  water's  chloroform 
formation  potential.  These  data,  however,  Indicate  that  effective  reductions  have  been 
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Table  9 


i 

USEPA-Identified  Methods  to  Achieve  Compliance  With  ! 

0.1  mg/L  MCL  for  THMa 


e  Using  chloramines  as  an  alternative  or  supplemental  disinfectant  or  oxidant.'*' 

e  Using  chlorine  dioxide  as  an  alternative  or  supplemental  disinfectant  or  oxidant.'* 

e  Improving  existing  clarification  for  trihalomethane  precursor  reduction."' 

e  Moving  the  point  of  chlorination  to  reduce  trihalomethane  formation  and>  when 
necessary,  substitute  for  chlorine  as  a  preoxidant  chloramines,  chlorine  dioxide,  or 
potassium  permaganate.'* 

e  Use  of  powdered  activated  carbon  for  trihalomethane  precursor  or  trihalomethane 
reduction  seasonally  or  intermittently  at  dosages  not  to  exceed  10  milligrams  per 
liter  on  an  average  annual  basis."' 

Other  methods  U8EPA  says  may  be  oonsideredi 

e  Introducing  offline  water  storage  for  trihalomethane  precursor  reduction. 

e  Aerating  for  trihalomethane  reduction  "where  geographically  or  environmentally 
appropriate." 

e  Introducing  clarification  where  not  currently  practiced, 
e  Considering  alternative  sources  of  raw  water, 
e  Using  ozone  as  an  alternative  or  supplemental  disinfectant  or  oxidant.'* 


'*Indicates  method  is  discussed  in  this  report. 
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made  only  at  doses  considerably  higher  than  those  used  in  typical  treatment  practice. 
Typical  doses  of  O.S  to  2.0  mg/L  in  the  water  industry  have  only  a  small  effect  on  the 
overall  chloroform  production.  Use  of  permanganate  as  an  oxidative  pretreatment  allows 
the  point  of  chlorination  to  be  shifted  to  a  poatsedi mentation  or  postfiltration  location! 
after  a  significant  amount  of  organics  have  been  removed  by  cosiguiation.  It  should  be 
recognized!  however,  that  enough  contact  time  must  be  provided  between  the  point  of 
permanganate  application  and  filtration  to  allow  complete  reduction  of  potassium 
permanganate  to  manganese  dioxide.  If  the  reaction  has  not  been  completed, 
postfiltration  deposition  of  manganese  dioxide  may  result.  Application  of  permanganate 
at  the  intake  or  rapid-mix  chamber  should  provide  enough  time  for  the.reaotion. 

Solid  manganese  dioxide,  produced  from  the  reduction  of  permanganate,  has  been 
shown  to  be  effective  as  an  adsorbant  of  some  organic  molecules,  thereby  providing  an 
additional  removal  mechanism  for  organics  contained  in  the  source  water. This 
phenomenon  may  particularly  apply  to  facilities  that  use  greensand  for  iron  and 
manganese  removal  since  the  oxidized  iron  and  manganese  retained  by  the  greensand 
coupled  with  the  reduction  of  the  permanganate  applied  to  the  filter  generate  a  solid 
phase  with  good  adsorption  properties  for  humic  substances,  especially  in  hard  waters. 
Permanganate  appears  to  have  little,  if  any,  impact  on  the  coagulation  process  and 
affects  only  a  minor  reduction  (less  than  20  percent)  in  organics  and  THM  formation 
potential  (THMFP). 

Ozone  is  a  very  powerful  oxidant  and  is  used  widely  in  Europe,  where  raw  waters 
are  of  poor  quality.  It  acts  more  quickly  than  chlorine  as  a  bactericidal  agent  and  is 
efisotive  against  some  viruses. Ozone  does  not  combine  with  organic  acids  to  produce' 
THMs.  Ozone  has  been  used  to  help  remove  iron  and  manganese  and  to  break  down 
organics,  and  some  experimental  work  has  demonstrated  that  ozone  pretreatment  can 
help  reduce  THM  levels,^” 

Other  studies  suggest,  however,  that  like  permanganate,  at  the  doses  of  ozone 
commonly  used  in  practice,  only  modest  reductions  in  organics  and  THM  precursors  are 
realized.  Also,  secondary  organics  generated  by  ozonation  have  not  been  defined 
well.  Evidence  shows  that  these  secondary  organics  may  form  chloroform  upon 
chlorination.^'  However,  using  ozone  instead  of  prechlorination  provides  for  oxidative 
pretreatment  and  disinfection  while  allowing  coagulation  to  remove  significant  amounts 
of  organics  and  THM  precursors  before  final  chlorination. 

The  disadvantage  of  ozone  is  that  it  must  be  produced  onsite  by  discharging  high 
voltage  (5000  to  30,000  V)  between  electrodes  separated  by  air,  requiring  a  high  initial 
investment  for  the  equipment.  (Capital  cost  is  about  two-thirds  greater  than  that  for 
chloramines  or  chlorine  dioxide  treatment.)  Also,  it  cannot  provide  enough  residual 
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disinfection  power  In  the  distribution  system,  so  another  disinfectant  also  would  be 
required. 

Chlorine  dioxide  is  used  most  commonly  In  the  United  States  for  controlling  taste, 
odor,  and  algae,  and  for  removing  iron  and  manganese.  In  Europe  it  is  used  widely  as  a 
final  disinfectant.  The  major  concern  in  using  chlorine  dioxide  in  potable  water 
treatment  has  been  the  formation  of  chlorite  and  chlorate  as  inorganic  byproducts  of 
reaction.  The  health  effects  of  these  species  Is  not  well  understood  and,  thus,  the 
USBPA  has  limited  total  residual  concentrations  of  chlorine  dioxide,  chlorite,  and 
chlorate  to  0.5  mg/L  in  potable  waters. 

Chlorine  dioxide  does  not  appear  to  form  THMs  or  other  halogenated  organics 
unless  free  chlorine  is  present  in  the  chlorine  dioxide  source.  In  fact,  it  appears  to 
reduce  the  THMFP  by  up  to  SO  percent.  The  prospect  of  reducing  the  formation 
potential  for  haloforms  other  than  THMs  is  not  well  understood  at  this  time. 

Like  u',;one  and  permanganate,  ohlorine  dioxide  is  selective  in  reactivity.  Unlike 
chlorine,  chlorine  dioxide  will  not  react  with  ammonia  and  undergoes  only  limited 
reaettwns  with  amines.  This  fact  has  major  implications  in  potable  water  disinfection 
since  lower  dose  and  longer  lasting  residuals  can  be  attained  using  ohlorine  dioxide.  This 
is  possible  because  nitrogen  compounds  do  not  compete  for  chlorine  dioxide  as  they  do 
for  ohlorine. 

For  most  water  treatment  applications,  chlorine  dioxide  is  generated  by  the 
reaction  of  ohlorine  and  sodium  hypochlorite  in  solution  under  acidic  oondltionst^^ 

CI2  +  NaClO^  20IO2  2NaCl  [Eq  1] 

To  increase  the  reaction  rate  and  encourage  complete  use  of  the  chlorite,  an  excess  of 
ohlorine  typically  is  used.  Although  this  procedure  yields  the  greatest  production  of 
ohlorine  dioxide  per  unit  of  the  most  expensive  component,  chlorite,  it  also  yields  an 
excess  of  free  ohlorine  In  the  product.  When  ohlorine  dioxide  Is  applied  in  the  treatment 
process,  then,  excess  l  'e  ohlorine  will  react  with  the  organics  to  form  THMs  and  other 
halogenated  organics.  Thus,  the  benefit  of  reduction  In  THMs  and  other  haloforms  using 
ohlorine  dioxide  is  partially  offset  by  the  free  ohlorine  byproduct  in  the  ohlorine  dioxide 
generation  process. 

Use  of  permanganate,  ozone,  and  ohlorine  dioxide  as  substitute  pretreatment 
oxidants  for  ohlorine  has  only  a  minor  effect  on  THM  and  other  halogenated  organic 
removal  at  the  dosage  levels  commonly  used  In  potable  water  treatment.  However,  using 
these  oxidants  as  substitutes  for  ohlorine  in  pretreatment  enhances  removal  of  raw 
organics  in  the  coagulation  and  subsequent  sedimentation  and/or  filtration  unit 
processes.  The  resulting  reduction  in  raw  organics  reduces  the  formation  potential  of 
halogenated  byproducts  when  ohlorine  Is  applied  for  final  disinfection.  A  residual 
disinfection  onn  be  added  to  the  distribution  systems  using  chloramines  or  ohlorine 
dioxide. 

With  ohloraminatlon,  ohlorine  and  ammonia  are  added  in  the  water  treatment  and 
enough  reaction  time  is  allowed  for  the  chloramines  to  form.  The  pH,  temperature,  and 


”AWWA,  Treatment  Techniques  for  Controlling  Trihalomathanas  In  Drinking  Water, 
AWWA  Report  (1982). 

Culp,  Trlhclomethane  Reduction  In  Drinking  Water  (Hoyes,  1984). 


chlorine  and  ammonia  concentrations  influence  the  reactions.  If  pH  Is  4.4  or  less, 
nitrogen  trichloride,  which  has  a  foul  odor  and  poor  disinfectant  properties,  is  formed. 

Ammonia  can  be  added  as  ammonium  sulfate  (25  percent  ammonia)  with  a  dry 
ohemioal  feed  system,  as  anhydrous  ammonia  (refrigeration  gas)  fed  in  solution  or 
diffused  in  gaseous  form,  or  as  aqua  ammonia  (food-grade)  diffused  in  liquid  form.  The 
choice  depends  on  how  easily  facilities  at  the  treatment  plant  could  be  adapted  to 
accommodate  ammonia  feed.  The  ammonia  dosage  is  such  that  the  ratio  of  chlorine  to 
ammonia  Is  3:1  to  5:1,  with  a  combined  chlorine  residual  of  1  to  2  mg/L  achieved. 

The  Louisville,  KY,  water  company  reduced  THM  levels  from  a  maximum  of  over 
0.2  mg/L  to  below  0.02  mg/L  after  switching  to  ohloramination.  Prechlorination  (20 
Ib/MQ)  is  done  after  the  ooagulation/sedi mentation  step  and  to  a  free  chlorine  residual  of 
2  mg/L.  Fifteen  minutes  of  contact  time  are  allowed  as  water  flows  through  a  tunnel 
before  5  to  6  Ib/MO  of  liquid  ammonia  is  added  to  form  monoohloramine  (pH  6.8  to  7.0). 
After  softening  and  filtration,  6  Ib/MO  of  chlorine  and  1.6  Ib/MO  of  liquid  ammonia  are 
added  to  produce  a  combined  chlorine  residual  of  1.8  mg/L  in  the  distribution  system, 
according  to  Louisville  officials.  The  system  is  flushed  when  standard  plate  counts  of 
bacteria  at  various  points  in  the  distribution  system  exceed  predetermined  levels.  With 
this  program,  THMs  and  bacteria  are  controlled. 

At  one  Army  installation,  prechlorination  of  raw  water  to  l.S  to  2  mg/L  free 
available  chlorine  provides  a  residual  of  0.1  mg/L  through  the  sedimentation  basin  to 
prevent  algae  growth.  After  filtration  and  pH  adjustment,  chlorine  and  ammonia  are 
added  in  a  ratio  of  about  5:1  to  provide  a  total  residual  of  2.6  mg/L  in  the  finished 
water.  Anhydrous  ammonia  is  added  just  before  the  chlorine  to  keep  additional  THM 
formation  to  a  minimum.  With  thia  practice,  THMs  have  been  brought  well  below  the 
MCL.  A  flushing  program  is  carried  out  to  keep  lines  free  of  bacteria  and  algae,  and 
bacteriological  samples  are  taken  regularly.  The  flushing  program  at  this  Installation  is 
necessary  because  of  high  algae  levels  in  the  raw  water. 

Table  10  compares  costs  for  three  sizes  of  water  treatment  plants  with 
conventional  prechlorination  and  with  alternative  pretreatment  disinfectants.  In 
selecting  any  alternative(B)  for  mitigating  organic  contamination  of  a  potable  water 
supply,  it  should  be  recognized  that  the  finished  potable  water  must  be  disinfected 
properly  and  that  water  in  the  distribution  system  must  be  protected  adequately. 


Decomposing  Organics  by  Ozonation 

Ozone  Is  recognized  for  its  ability  to  treat  wastewater-containing  organic  matter 
and  other  contaminants.  Laboratory  tests  have  demonstrated  that  ozone  can  break  down 
complex  organic  compounds.^'*  It  has  been  used  to  treat  hydrocarbon  wastes  in  rubber 
plants,  refineries,  and  solvent  manufacturing  plants.  ’  Ozone  has  had  infrequent  use  in 
disinfection  and  taste  and  odor  control  in  potable  water  treatment  plantsi  one  example  is 
the  town  of  Whiting,  IN,  which  has  used  ozonation  since  the  18408  to  treat  drinking  water 


^'^P.  S.  Bailey,  "Organic  Groupings  Reactive  Toward  Ozone:  Mechanisms  in  Aqueous 
Media,"  Ozone  in  Water  and  Wastewater  Treatment  (Ann  Arbor  Science,  1972)| 

AWWA,  Water  Reuse  Htghlighta  (1978). 

^^U.S.  Department  of  the  Interior,  Characteristics  and  Polluttonal  Problems  Associated 
With  Petrochemical  Waste  (Federal  Water  Pollution  Control  Administration,  February 
1970). 


Table  10 


Coat  Batimatea  for  AJtamativea  to  Preohlorlnatlon 
(Cany/1000  Qal)* 


1  MOD 

5  MOD 

10  MOD 

A 

B 

A 

B 

A 

B 

Chlorination""* 

1  ppm  dose 

2.8 

3.7 

0.8 

1.1 

0.5 

0.7 

3  pm  dose 

3.6 

5.2 

1.2 

1.6 

0.9 

1.2 

6  ppm  dose 

4.3 

6.2 

1.7 

2.3 

1.4 

1.8 

Chloramination""* 

0.75  ppm  chlorine  dose 

4.9 

5.8 

1.5 

1.8 

0.9 

1.1 

1.5  ppm  chlorine  dose 

5.9 

6.9 

1.8 

2.2 

1.2 

1.5 

2.2  ppm  chlorine  dose 

7.2 

8.4 

2.2 

2.7 

1.5 

1.8 

Chlorine  dioxide**.*""* 

1  ppm  dose 

5.6 

6.6 

2.5 

2.8 

2.0 

2.2 

3  ppm  dose 

9.0 

10.3 

5.6 

6.1 

4.9 

5.2 

Oaonation-f 

(10  min  contact  time) 

1  ppm  dose 

6.9 

3.5 

2.3 

3  ppm  dose 

10.4 

5.5 

4.0 

^Caie  A— Chlorination  feed  system  exists.  New  feed  system  for  ohemloals  in  question. 
Case  B— New  chlorine  and  other  ohemioal  feed  systems.  All  costs  shown  include  capital 
(where  new  facilities  are  indioatedK  operating  and  maintenance  costSi  assuming  70 
percent  plant  capaoityf  20'year  amortization  period,  and  8  peroent  interest.  ENR 
Construction  Cost  Index  »  369.80  (January  1983)  and  Producer  Price  Index'-Finished 
Goods  s  28.3.6  (January  1983).  Chlorine  costs  $300/ton,  ammonia  costs  $200/ton. 
Chlorine  to  ammonia  ratio  is  3il. 

**Based  on  Evaluation  of  Treatmont  Effectiveness  for  Reducing  Trlhatomethanes  In 
Drinking  Wattr,  U8EPA  Contract  No.  68-01-6282  (1983),  pp  98-102. 

***8odIum  chlorite  oosts  $2000/ton.  Contact  time  is  20  min. 

4-Costa  projected  from  1980  coats  given  in  earlier  U8EPA  publication,  Treatment 
Techniques  for  Controlling  Trihalomothanos  In  Drinking  Wator  (UBBPA,  MBRL 
[September  1981]). 
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for  taste  and  odor.^^  The  1.5  to  2.0  million  gallons  per  day  (MGD)  plant  has  an  ozone 
generation  capacity  of  75  Ib/day.  The  ozonation  is  used  during  pretreatment  and  is 
especially  advantageous  when  the  raw  water  contains  phenols  or  petrochemical 
compounds.  Several  other  cities  use  ozonation  to  remove  unwanted  taste  and  odor 
caused  by  these  organics. 

in  removing  organic  compoundst  ozone  (Oj)  acts  as  an  oxidizing  agent  and,  if  the 
ozone  dosage  and  contact  time  are  long  enougn>  the  organic  matter  Is  broken  down  to 
harmless  carbon  dioxide  and  water.  Conditions  seldom  are  suitable  or  practical  enough 
to  achieve  this  condition  for  all  the  organics  of  concern.  Instead^  partially  oxidized 
intermediate  organic  compounds  may  form.  These  compounds'  toxicity  and  health 
effects  are  unknown  at  present!  however,  they  often  are  more  biodegradable  or  more 
easily  adsorbed  onto  a  medium.  This  knowledge  expands  the  potential  for  using  ozone 
in  combination  with  other  treatment  processes!  one  example  of  this  combined  technology 
is  at  a  wastewater  treatment  plant  in  Cleveland,  OH.*'  After  ozonation  at  this  plant, 
the  water  is  filtered  and  applied  to  a  granular*aotlvated  carbon  (QAC)  bed.  The 
Intermediate  organic  compounds  are  absorbed  more  readily  In  the  activated  carbon  bed 
and  thus  are  more  soluble  and  biodegradable  than  in  other  treatment  systems.  A  similar 
system  could  be  used  at  a  potable  water  treatment  plant!  Figure  5  Is  a  schematic  for 
such  a  system.*'  The  multimedia  filter  and  aeration  tank  following  the  ozone  contactor 
are  optional.  Biodegradation  and  adsorption  occur  in  the  granular-activated  carbon 
column,  adding  the  benefit  of  not  having  to  regenerate  the  carbon  as  often. 


Figure  5.  Oeonatlon/biologloal-eotivated  carbon  system.  (Fromi  M.  Schwartz, 
R.  Rice,  and  A.  Benedek,  "A  Study  of  the  Feasibility  to  Achieve  Reus¬ 
able  Water  by  Ozonatlon/Blologlcal-Actlvated  Carbon  Technology," 
Water  Reuse  Symposium  II  Proceedings,  Vol  2  [AWWA  Research 
Foundation,  1981).  Used  with  permission.) 


*'R.  P.  Oulette,  et  al..  Electrotechnology,  Vol  I:  Wastewater  Treatment  and  Separation 
Methods  (Ann  Arbor  Science,  197B). 

*^AWWA,  1978!  M.  Schwartz,  R.  Rice,  and  A.  Benedek,  "A  Study  of  the  Feasibility  to 
Achieve  Reusable  Water  by  Ozonation  Biological  Activated  Carbon  Technology," 
Water  Reuse  Symposium  fl  Proceedings,  Vol  2  (AWWA  Research  Foundation,  1981). 
*'R.  P.  Oulette,  et  al. 

*'M.  Schwartz,  R.  Rice,  and  A.  Benedek. 


Potable  water  treatment  plants  in  Europe  have  used  ozone/GAC  for  several  years 
and»  At  plants  where  biodegradable  has  been  effective,  the  GAC  media  did  not  have  to  be 
regenerated  for  3  years. Pilot  plant  studies  In  the  Netherlands  using  ozone/QAC 
treatment  demonstrated  that  the  two  prooeeses  together  removed  taste-  and  odor- 
produoing  compounds  more  effectively  than  either  process  alone.*^'  The  system  using 
ozone  followed  by  biologically  activated  QAC  probably  will  undergo  further  testing 
before  design  specifications  and  cost  data  are  available,  but  it  does  show  promise  for 
removing  organics  from  potable  water. 

Another  technology  for  removing  organics  is  ultraviolet  (UV)/ozone  treatment,  in 
order  to  completely  break  down  chlorinated  hydrocarbons,  for  example,  solvents  and 
pesticides  that  do  not  break  down  easily  In  the  environment,  the  carbon-chlorine  bonds 
must  be  broken.  Oeonation  alone  will  not  do  this,  but  if  UV  light  and  ozone  are  applied, 
these  bonds  break  and  the  organic  compounds  decompose  more  quickly.  The  UV/ozone 
system  has  been  laboratory-tested  on  aliphatic  and  aromatic  hydrocarbons  and  was  found 
to  decompose  these  compounds  more  effectively  than  if  ozone  alone  were  used.**^ 
UV/ozone  treatment  thus  has  potential  application  in  organics  removal  from  potable 
water  but  further  laboratory  and  pilot  testing  is  needed  to  develop  design  and  operating 
specifications  as  well  as  cost  estimating  methods.  Table  10  shows  overall  coats  for 
1-  and  3-ppm  dosages  of  ozone  for  1-,  S-,  and  lO-MQO  plants. 


Chemioal  Coagulation 

Chemical  ooagulation/flocoulatlon  la  effective  for  removing  humic  acids,  which  are 
precursors  for  THM  formation.  Coagulation/floooulatlon  has  not  been  as  effective  for 
removing  volatile  (petroleum-baaed)  organics  and  limited  work  has  been  done  to  evaluate 
how  well  other  synthetic  organic  compounds  are  removed.  For  these  reasons,  chemical 
coagulation  la  discussed  with  respect  to  its  potential  for  helping  to  control  THMs.**’ 

Coagulation  has  several  advantages  over  granular  activated  carbon  adsorption, 
including  little  additional  capital  Investment,  minor  increase  In  unit-process  operating 
coat,  and  reasonably  well  defined  technology  (relative  to  other  systems).'*'*  However, 
coagulation  Is  leas  effective  than  the  other  alternatives,  and  Jar  and  plant  tests  should  be 
conducted  to  see  If  this  method  reduces  precursor  organics  well  enough. 

Conventional  treatments  such  as  turbidity  removal  and  softening  have  been  shown 
to  remove  some  organic  acids  (THM  precursors)  and  thus  help  control  THM  levels  In  the 


'*°M.  Schwartz,  R.  Rice,  and  A.  Benedek. 

**  ‘W.  C.  VanLier,  et  al.,  "Experience  With  Granular  Activated  Carbon  Filters  on  Pilot 
Plant  Scale,"  Activated  Carbon  in  Drinking  iVater  Technology  (AWWA  Research 
Foundation,  1983). 

'*^E.  Leltis,  et  al.,  "The  Chemistry  of  Ozone  and  Ozone/UV  Light  for  Water  Reuse," 

Water  Reuse  Symposium  II  ProG§«ding$,  Vol  2  (August  23-28,  1981). 

'*^R.  R.  Trussell  and  A.  R.  Trussell,  "Evaluation  and  Treatment  of  Synthetic  Organics  in 
Drinking  Water  Supplies,"  JAW  A,  Vol  72,  No.  8  (August  1980);  0.  T.  Love  and 
R.  Q.  Ellers,  "Treatment  of  Drinking  Water  Contnining  Trichloroethylene  and  Related 
Industrial  Solvents,"  JAWWA,  Vol  74,  No.  8  (August  1982);  U.S.  Department  of  the 
Interior. 

'*'*R.  M.  Clark,  et  al.,  "QAC  Treatment  Costsi  A  Sensitivity  Analysts,"  American  Society 
of  Civil  Engineers,  Environmental  Engineering  Division  Journal  (ASCE/  EEDJ),  Vol  110, 
No.  EE4  (August  1084). 


finished  water.  A  field  study  of  10  utilities  using  Ohio  River  water  determined  that  the 
conventional  treatment  processes  removed  from  29  to  51  percent  of  the  THM 
precursors. In  additiony  an  unpublished  USEPA  study  of  a  lime-softening  plant  in 
Daytona  Beach,  FL,  measured  a  27  to  43  percent  reduction  In  finished  water  THM  levels 
(compared  to  chlorinated  raw  water  with  no  further  treatment,  depending  on  where 
chlorine  was  added).  If  these  processes  at  Army  water  treatment  plants  could  be 
optimized  to  remove  THMs  and  their  precursors,  considerable  savings  could  be  realized  in 
oases  for  which  more  costly,  sophisticated  THM  control  measures  would  otherwise  be 
needed. 


Adjusting  the  type  of  coagulant,  dosage,  and  pH  has  been  shown  to  improve  removal 
of  organic  acids  during  coagulation  and  sedimentation.  It  is  not  known  how  organics  are 
removed  during  coagulation,  but  unpublished  experiments  have  shown  that  the  order  of 
chemical  addition  as  well  as  mixing  speed  and  time  do  not  influence  organics  removal 
when  conventional  coagulants  are  used.  The  coagulant  dose,  pH,  and  type  of  organic 
acids  present  are  the  most  important  factors  determining  the  efficiency  of  organics 
removal. 


One  set  of  tests  using  Mississippi  River  water  showed  that  an  alum  dosage  of  100 
mg/L  at  pH  S  was  best  for  achieving  a  65  percent  reduction  in  THM  levels.  At  the  same 
pH,  a  25-mg/L  alum  dose  yielded  35  percent  removal.'^* 


The  USEPA  has  studied  the  use  of  polymers  in  improving  organics  removal  during 
coagulation/sedlmentation.  Mississippi  River  water  was  subjected  to  jar  tests  with 
various  combinations  of  coagulants  and  coagulant  aids,  using  UV  absorbance  as  an 
indicator  of  organics  removal.  Adding  a  cationic  polymer  (2  mg/L)  to  an  alum  or  ferric 
sulfate  coagulant  Increased  organics  removal  from  raw  water  when  the  coagulant  dosage 
was  at  the  optimal  dosage  (unpublished  results).  For  a  given  polymer  type,  those  of 
higher  molecular  weight  were  superior.  Konlonlc  and  anionic  polymers  used  as  coagulant 
aids  did  not  improve  organics  removal. 


A  polymer  is  being  used  at  one  Army  Installation  as  a  coagulant  aid  to  control 
THMs.  Approximately  1  mg/L  is  mixed  and  fed  oontlnuou'.Iy  through  a  chemical  feed 
pump  at  the  rapid  mixers.  1'HM  levels  before  using  the  polymer  exceeded  the  0.1 
mg/LMCLi  levels  in  the  distribution  system  decreased  within  1  day  after  beginning  the 
treatment  and  are  now  below  0.1  mg/L.  Other  benefits  of  using  the  polymer  are  that  it 
improves  settling  and  eliminates  the  need  to  add  another  coagulant  aid  previously  used. 


In  the  USEPA  unpublished  study  mentioned  above,  addition  of  clay  (10  mg/L)  to  a 
cationic  polymer  (with  the  polymer  used  as  primary  coagulant)  prevented  suspended 
matter  from  restabilizing,  enabling  40  percent  organics  removal  at  primary  coagulant 
dosages  from  5  to  20  ppm.  When  both  clay  (10  mg/L)  and  a  cationlo  polymer  were  used 
along  with  the  optimal  dosage  of  ferric  sulfate,  organics  removal  again  increased.  In 
that  case,  cationic  polymer  dosages  were  less  than  5  mg/L. 


Lime  softening  will  remove  some  organics.  The  USEPA  found  in  the  study  using  UV 
absorbance  to  indicate  organics  removal,  that  at  lime  dosages  above  the  stoichiometric 
dosage,  the  organics  concentration  was  decreased  by  36  percent.  When  20  mg/L  alum  or 


“‘J.  M.  Symons,  et  al.,  Treatment  Techniques  for  Controlling  Trlhclomethcnes  In  Drink¬ 
ing  Water. 

'*'M.  J.  Semmena  and  T.  K..  Field,  "Coagulattoni  Experiences  in  Organics  Remov¬ 
al,"  JAWWA,  Vol  72,  Ho.  8  (August  1980). 
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iron  was  added,  the  Indicator  showed  that  organics  removal  improved  to  64  percent. 
Another  USEPA  study  showed  that  the  range  of  precursor  removal  in  lime  preclpitative 
softening  is  from  16  to  41  percent.**^ 


Evaluating  How  to  Improve  Coagulation 

The  potential  for  successful  mitigation  of  organic  precursors  using  chemical 
coagulation  requires  the  design  engineer  answer  four  basic  questionsi**^ 

1.  What  level  of  TOC  must  be  achieved  to  meet  existing  or  anticipated  organics 
criteria? 


2.  Can  this  requisite  treatment  level  be  attained  using  coagulation? 

3.  What  combination  of  coagulants»  coaguiant  aids,  and  physloal/ohamioal  (pH, 
temperature,  etc.)  characteristics  yields  the  greatest  reduction  in  organics? 

4.  What  additional  capital  and  operatlonal/maintenanoe  costs  are  associated  with 
Implementing  this  strategy? 

These  questions  often  can  be  answered  only  by  onsite  evaluation  using  treatability 
techniques.  How  existing  ooagulatlon/sedimentatlon  or  softening  processes  could  be 
modified  to  improve  organics  removal  will  depend  on  the  existing  equipment  at  the 
installation,  the  raw  water's  characteristics,  and  the  magnitude  of  the  THM  problem.  In 
the  two  studies  Just  notedi  THM  precursors  ware  removed  by  varying  coagulant  or  lime 
dosage,  varying  pH,  using  coagulant  aids,  and  changing  the  point  of  chlorination.  Jar 
tests  should  be  conducted  when  determining  which  modification  Involving  chemicals 
would  improve  organics  removal.  UV  absorbance  measurements  before  and  after  the  jar 
test  can  be  used  to  indicate  organics  removal.  In  addition,  Table  11  shows  different  ways 
of  determining  how  to  Improve  clarification  to  control  THMs. 

As  another  way  of  Improving  coagulation,  once  the  appropriate  coagulant  dosage  Is 
determined,  a  cationic  polymer  (approximately  2  mg/L)  or  clay  (approximately  10  mg/L) 
plus  a  cationic  polymer  (0  to  5  mg/L)  could  be  jar-tested.  Using  a  polymer  may  widen 
the  pH  range  corresponding  to  the  optimal  coagulant  dosage  for  both  organics  and 
turbidity  removal. 

Increasing  the  lime  dosage  beyond  stolohiometrio  levels  and  adding  alum  or  iron  to 
Improve  organics  removal  during  softening  also  could  be  evaluated  using  jar  tests, 
measuring  UV  absorbance  before  and  after  treatment.  In  conducting  these  tests,  it 
should  be  remembered  that  the  investigation  Is  concerned  with  the  dosage-response 
relationship  for  the  organic  and  not  with  other  contaminants  such  as  turbidity. 
Therefore,  the  beat  dosage  combination  for  organics  removal  may  not  coincide  with  that 
for  turbidity  or  other  classic  indicators.  Figure  6  shows  how  results  of  jar  tests  using 
various  dosages  of  alum  at  a  range  of  pH  levels  can  be  used.  THM  concentration  and 


“’J.  M.  Symons,  et  al.,  Treatment  Ttchrriqu9s  for  Controlling  Trihalomotixanos  in  Drink¬ 
ing  Water. 

'**P.  A.  Chadik  and  CJ.  L.  Amyt  S.  P.  Shelton  and  W.  A.  Drewry.  "Tests  of  Coagulants  for 
the  Reduction  of  Viruses,  Turbidity,  and  Chemical  Oxygen  Demand,"  JAWWA,  Vol  68, 
No.  10  (October  1973). 

‘**3.  P.  Shelton  and  W.  A.  Drewry. 
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Table  11 


Detorminlng  How  to  Improve  Exlatlng  Clarification 
to  Control  THMi 


Jar  Taata 

Use  UV  abioFbanoe  aa  indicator  of  organics  removal 
Vary  coagulant  or  lima  dosage 
Vary  pH 

Try  cationic  polymer  or  clay  plus  cationic  polymer 
if  using  limet  try  adding  alum  or  Iron 

Plant  Taata 

Measure  THM  levels  in  raw  and  finished  water  for  normal 
treatment  and  with  modification 


Figure  6. 
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Determining  optimal  doaage  and  pH  for  ormlos  and  turbidity  removal. 
(Promt  R.  R.  Trusseil  and  A.  R.  Trussell,  "Evaluation  and  Treatment  of 
Synthetic  Organics  in  Drinking  Water  Supplies/'  JAWWA,  Vol  72,  No.  8 
[AWWA,  August  1980].  Used  with  permission.) 


turbidity  each  are  plotted  on  separate  graphs  for  the  various  coagulant  dosages  and  pH 
levels  tested.  The  two  plots  are  superimposed  to  determine  the  optimal  dosage  and  pH  to 
control  both. 

Once  the  new  coagulant  and/or  lime  dosage,  pH,  and  effectiveness  of  coagulant 
aids  have  been  determined  in  the  laboratory,  they  could  be  tested  in  the  plant.  For  a 
complete  evaluation,  samples  of  the  raw  and  finished  water  should  be  taken  during  (1) 
existing  operation  and  (2)  the  test.  However,  if  the  desired  reduction  of  organic 
contaminant  cannot  be  obtained  in  the  laboratory,  this  is  strong  indication  that  a  more 
vigorous  unit  process  (e.g.,  activated  carbon,  air-stripping)  will  be  required  to  meet  the 
organic  criteria. 

Table  12  compares  costs  for  several  dosages  of  alum  and  polymer  needed  to  treat 
water  in  meeting  the  THM  regulation. Local  costa  may  vary,  but  Jar  or  plant  test 
results  could  be  used  similarly  to  estimate  treatment  costs  based  on  the  required  dosage 
of  the  alternative  chemloals. 

The  efficiency  of  coagulation  for  organic/organic-precursor  removal  depends  on  the 
type  and  concentration  of  organic  compounds  in  the  water  supply,  pH,  coagulant  dosage, 
and  the  aolids/Mquid  separation  step.^'  Preferred  conditions  for  organics  removal  must 
be  determined  by  batch  studies  and  should  be  confirmed  in  plant-scale  tests  if  possible. 
In  some  instances,  the  water  chemistry  may  demand  residual  TOC  levels  below  those 
achieved  economically  by  coagulation.  It  has  been  demonstrated  and  documented  in  the 
literature  that  TOC  levels  in  the  1  mg/L  range  can  be  reached  using  coagulation. ^  The 
minimum  TOC  must,  however,  be  determined  for  each  source  water  by  jar-test 
evaluation.  Coagulation  offers  the  major  advantage  of  reduced  unit  cost  and  can  be  used 
when  TOC  levels  on  the  order  of  2  mg/L  are  required.  For  these  conditions,  improved 
coagulation  and  alteration  of  the  chlorine  dosage  point  may  provide  a  finished  water  of 
suitable  organic  quality  at  minimal  increase  in  unit  operating  cost. 

The  applicability  of  coagulants  and  alternative  oxidants  and  disinfectant  strategies 
for  removing  THM  and  other  haloform  precursors  has  been  widened.  It  is  possible  that 
with  proper  pH  control,  classic  aluminum  and  iron  salt  coagulants  can  remove  substantial 
amounts  of  raw  organics  that  would  otherwise  form  halogenated  organics  when 
chlorinated.^^ 


Solvent  Extraction 

Solvent  extraction  partially  separates  water's  liquid  constituents  into  two 
immiscible  liquid  phases.  This  process  occurs  because  of  the  constituents'  different 
solubilities  and  is  highly  effective  for  extracting  specific  organic  species  from  water;  it 
has  long  been  used  effectively  in  both  laboratory  and  industrial  process  applications.^*' 
The  petroleum  Industry  also  has  used  the  solvent  extraction  principle  to  remove  phenols 
from  wastewater. 


^°£valuat(on  of  Treatment  Effectiveness  for  Reducing  Trihalomethanes  In  Drinking 
Water,  USEPA  Contract  No.  68-01-6292  (July  1983). 

P.  Shelton  and  W.  A.  Drewry. 

^^P.  A.  Chadik  and  Q.  L.  Amy. 

P.  Shelton  and  W.  A.  Drewry. 

^‘'S.  P.  Shelton,  et  al.,  RCRA  Risk/Coat  Policy  Model,  USEPA/08W  Report  (June  1982). 


Table  12 


Estinated  Coet  of  Inoreaaed  Alum  and  Polymer  Doeayes 
to  Meet  THM  MCL* 


Alum** 


Polymur*** 


DoM(«(acAj 

CoMlaO/oi* 

(Wises  fti) 

to 

0.10  (0.00) 

20 

0.33  (1.30) 

20 

0.40  (l.TO) 

40 

0.01  (3.30) 

80 

o.rr  (3.90) 

0.3 

0.11  (0.40) 

0.4 

0.31  (0.30) 

0.0 

0.34  (1.30) 

0.0 

0.40  (1.70) 

1.0 

0.88  (3.10) 

*Coit  lnclud<ii  'inly  th«t  for  •ddlttonul  ohtmlotl*.  No  tddltlonil  odpltul  ftellltlti  or 
0AM  roqulromonti  art  tnoludod.  Buid  on  Cvnluotton  of  Trootmont  Bffoetlvonuo  for 
Hodueing  rr^^alom^thant»  In  DrlnMng  Watort  USEPA  Contrtet  No.  M-Ol-eetl  (July 
ltl3)t  p  10«. 

**AMUintd  tlum  ooat  Il40/ton. 

***AHUfflod  polymtr  coot  $I.SO/lb. 


A  mtxer*iettler  combination  Is  used  most  commonly  for  large-scale  operations. 
The  baffled  mixing  vessel  contains  a  rotating  Impeller  for .  dispersing  the  solvent 
uniformly.  In  the  treatment  prooesst  the  vessel  is  first  filled  with  the  organic- 
contaminated  water  and  then  is  mixed  with  solvent.  When  the  water/solvent  mix 
becomes  homogeneous  at  a  aolvent/water  ratio  of  25  to  75  pereenty  depending  on  organic 
speoies  and  solvent  oharaote*'lstioSf  the  mixture  is  transferred  to  a  decanter  in  which  the 
two  phases  separate.  When  separation  is  complete,  the  extract  oontaining  the  organic 
species  of  concern  is  removed  and  the  remaining  liquid  layer  is  the  treated  water.  This 
process  can  be  done  in  a  batch  or  continuous  mode. 

Liquid-liquid  extraction  is  an  effective  treatment  technique  that  can  remove  high 
levels  of  a  broad  range  of  organic  species.  However,  it  is  also  a  very  expensive  process 
per  unit  of  organic-free  water  produced. Furthermore,  the  organic-containing  solvent 
must  be  treated  and  reused,  and  the  effectiveness  of  this  regeneration  is  a  function  of 
the  organic  species  removed  from  the  water  and  the  solvent,  in  many  cases,  It  is  not 
practical  to  reduce  the  organics  in  solvent  to  a  level  low  enough  for  solvent  reuse.  For 
these  reasons,  liquid-liquid  extraction  is  not  used  as  a  unit  process  for  removing  organic 
special  from  potable  water  supplies.  It  is  of  interest  in  this  report  only  because  the 
combination  of  more  stringent  water  quality  regulations  along  with  advances  in  the 
technology  may  make  it  a  feasible  process  in  the  future. 


^>8.  P.  Shelton,  et  al.,  1982. 


Biodegradation 


Biodegradation  as  a  way  of  removing  organic  compounds  has  been  studied  in  the 
laboratory,  with  most  work  focusing  on  removal  from  wastewater. In  experiments 
using  bacteria  under  aerobic  and  anaerobic  conditions,  certain  hydrocarbons  did  degrade, 
including  carbon  tetracliloride,  TCE.'  and  PCE.  Under  anaerobic  conditions,  the  organic 
compounds  may  be  transformed  according  to  the  following  pathways: 

e  Carbon  tetrachloride  to  chloroform  to  methyl  chloride. 

e  PCE  to  TCE  to  dichloroethylene  to  vinyl  chloride. 

e  1,1,1'Trichloroethane  to  1,1-dichioroethane  to  chloroethane. 

The  petroleum  industry  has  studied  the  potential  for  biodegradation  of  organic 
compounds  in  its  wastewaters.  These  findings  provide  general  observations  about 
biodegradation:^^ 

e  Aliphatic  compounds  and  cyclic  aliphatios  are  more  biodegradable  than 
aromatic  compounds. 

e  Unsaturated  aliphatios  (such  as  acrylic,  vinyl,  and  carbonyl  compounds) 
generally  are  biodegradable.  Organic  compounds  that  have  a  molecule  other 
than  carbon  on  the  primary  chain  are  not  as  susceptible  to  biological  breakdown. 

e  Chlorinated  hydrocarbon  pesticides  generally  are  not  biodegradable. 

e  Molecular  slae  and  solubility  are  Important  factors.  Larger,  less  soluble 
compounds  are  more  difficult  to  break  down. 

e  Adding  or  removing  a  functional  group  affects  the  biodegrs debility.  For 
example,  if  a  hydroxyl  or  amino  group  is  substituted  for  a  halogen  on  a  benzene 
ring,  the  benzene  compound  is  less  biodegradable. 

e  Mixtures  of  more  than  one  organic  compound  may  influence  the  biodegradability 
of  the  Individual  compounds. 


Activated  Carbon  Adsorption 

The  use  of  activated  carbon  to  adsorb  organic  materials  from  water  has  become 
well  established  as  a  practical,  reliable,  end  economical  unit  process.^*  This  is  the 
preferred  approach  for  control  of  organics  that  generate  color,  odor,  or  haloforms,  and 
other  organic  contamination  in  potable  water  supplies.  Historically,  maorolevel  organics 
have  been  removed  in  the  typical  surface-water  treatment  facility  by  coagulation, 
flocculation,  sedimentation,  and  filtration.  These  processes  are,  however,  often  unable 
to  remove  enough  trace  organics  to  meet  existing  potable  water  criteria  for  THMa  and 


®®U.8.  Department  of  the  Interior. 

^^U.S.  Department  of  the  Interior. 

M.  Clark,  et  al.i  J.  H.  Geraghty  and  D.  W.  Miller,  "Adsorption  of  Organics  From 
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pesticides.  As  the  number  and  types  of  regrulated  organic  species  in  water  supplies 
expand  with  improved  analytical  techniques  and  as  new  suspected  or  confirmed 
carcinogens  are  discovered^  carbon  adsorption  will  become  more  prevalent  as  a  unit 
process  in  potable  water  treatment.  Organic  compounds  that  have  a  high  molecular 
weight  and  are  less  soluble  are  more  easily  adsorbed  on  activated  carbon.  Also» 
unsaturated  organic  compounds  such  as  ethanes  are  more  easily  adsorbed  than  saturated 
ones  such  as  ethane.®® 

Upon  contact  with  water-containing  soluble  organic  materials,  activated  carbon 
removes  these  materials  selectively  by  adsorption.  The  use  of  surface  energy  to  attract 
and  hold  molecules  is  called  "physical  adsorption."  Since  activated  t^rbon  has  an 
extremely  large  surface  area  per  unit  weight  (approximately  1000  m*/g),  it  is  an 
efficient  adsorptive  material.  In  manufacturing  activated  carbon,  many  pores  are 
generated  within  the  particles  resulting  in  vast  areas  of  walls  within  these  pores,  which 
accounts  for  the  extraordinary  surface  area-to-volume  ratio.  Thus,  activated  carbon  can 
adsorb  a  wide  range  of  organic  species,  including  the  nonpolar,  high-moleoular-weight 
molecules  that  are  not  controlled  well  by  other  unit  processes. 

Carbon  size  affects  the  rate  of  organic  adsorption  but  not  the  total  adsorption 
capacity.® '  Thus,  the  two  types  of  carbon  adsorption  processes  discussed  in  this  section, 
granular  and  powdered,  are  similar  in  per-unit  adsorption  capacity,  with  the  powdered 
carbon  having  a  higher  rate  of  adsorption. 

Water  quality  parameters  other  than  organics  affect  the  adsorptive  capacity  and 
life  of  activated  carbon  systems.  Specifically,  pH  levels  above  9.0  reduce  the  carbon's 
adsorptive  capacity  substantially.  In  addition,  suspended  solids  and  colloidal  materials 
often  reduce  carbon  life  by  restricting  the  pore  openings,  thereby  reducing  the  adsorption 
capacity. 

In  current  applications,  QAC  usually  is  produced  from  select  grades  of  coal.  These 
carbons  are  hard,  dense,  and  abrasion-resistant.  They  are  amenable  to  slurry  transport 
and  repeated  handling  during  regeneration  without  significant  deterioration.  Although 
many  different  sizes  of  QAC  have  been  used  successfully,  the  three  most  typical  ranges 
are  8  X  30  mesh,  12  X  40  mesh  and  20  X  40  mesh.  The  20  X  40  size  means  that  the  QAC 
will  pass  through  the  U.S.  Standard  Mesh  Size  No.  20  (0.03  in.)  but  will  be  retained  on  a 
No.  40  size  mesh  (0.017  in.).  The  finer  material  has  a  higher  adsorption  rate,  but  also  a 
higher  head  loss  per  unit  depth  of  bed.  Furthermore,  since  beds  have  lower  porosity,  they 
have  a  greater  tendency  to  foul  by  collecting  colloidal  materials  from  the  water. 
Conversely,  the  8  X  30  mesh  has  a  lower  adsorption  rate,  lower  head  loss  per  unit  depth 
of  bed,  and  withstands  regeneration  with  fewer  losses.  Both  are  good  carbons)  the 
designer  must  sfl<iot  one  based  on  characteristics  of  the  water  to  be  treated.  Since  bed 
life  and  suspended  solids  load  are  leas  critical  for  QAC  applications  in  potable  water 
treatment  than  in  wastewater  or  industrial  waste  treatment,  adsorption  rate  may 
dominate  the  GAC  size  selection  process.  Powdered-activated  carbon  (PAC)  usually  is 
considered  to  be  smaller  than  SO  mesh.  The  adsorption  rate  for  PAC  systems  is  very 
high)  however,  unit  processes  that  use  PAC  have  not  evolved  such  that  carbon  recovery  is 
as  straightforward  as  for  QAC  systems.  Both  unit  process  types  are  discussed  in  more 
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detail  after  the  following  explanation  of  absorption  lsotherms--n  principle  Important  in 
understanding  GAC  and  PAG. 


Adsorption  Isotherms 

Regardless  of  the  carbon  type,  the  adsorption  effectiveness  of  activated  carbon  on 
the  organic  species  of  concern  Is  a  key  to  developing  design  data  for  either  type  of 
carbon  adsorption  system.  Much  research  has  been  done  in  developing  procedures  for 
determining,  adsorption  capacity.  Using  one  such  procedure,  a  carbon's  adsorptive 
capacity  can  be  measured  to  a  reasonable  degree  when  the  adsorption  isotherm  la 
determined  experimentally  for  the  system  under  consideration.  "Adsorption  isotherm"  is 
the  relationship,  at  a  given  temperature,  between  the  amount  of  a  substance  adsorbed 
and  its  concentration  In  the  surrounding  solution. 

Using  a  color  adsorption  laothbrm  as  an  example,  the  adsorption  Isotherm  would 
consist  of  a  curve  plotted  with  residual  color  In  the  water  as  the  abscissa  and  the  color 
adsorbed  per  gram  of  carbon  as  the  ordinate.  Data  taken  at  any  point  on  the  isotherm 
yields  the  color  adsorbed  per  unit  weight  of  carbon,  which  is  the  carbon  adsorption 
oapaolty  for  that  color  concentration  and  temperature.  Figure  7  shows  a  typical 
isotherm  for  removing  a  contaminant  by  four  different  carbon  types.  A,  B,  C,  and 
Carbon  A  lies  above  carbon  B  and  is  a  better  choice  because  it  adsorbs  more  of  the 


Figure  7.  Adsorption  isotherms  for  four  carbons.  (Froms  L.  D.  Benefield,  J.  F. 

Judkins,  and  B.  L.  Weand,  Process  Chemistry  for  Water  and  Waste woter 
Treatment  [Prentice  Hail,  1982].  Used  with  permission  of  the  Chemical 
Publishing  Co.) 
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Research  Institute,  Iowa  State  University,  Ames,  1980)|  J.  C.  Krulthof,  "Evaluation," 
Activated  Carbon  In  Drinking  Water  Technology  (AWWA  Research  Foundation,  1983). 
®^L.  D.  Benefield,  J.  F.  Judkins,  and  B.  L.  Weand,  Process  Chemistry  for  Water  and 
Wastewater  Treatment  (Prcntlce-Hali,  1982). 


Qompound  per  unit  weight  of  carbon.  A  carbon  with  a  steeper  isotherm  usually  is 
preferable  to  a  carbon  with  a  flat  isotherm  because  the  adsorptive  capacity  is  higher  at 
higher  equilibrium  concentrations. 

Comparing  curves  C  and  D,  carbon  C  is  preferable  if  the  system  will  be  operated  at 
an  equilibrium  organic  concentration  (in  the  treated  water)  above  Ci.  In  a  dilute  system 
such  as  potable  water,  the  relationship  typically  is  logarithmic  and,^hu8,  the  Freundlich 
equation,  which  relates  the  amount  of  oonta.minant  remaining  to  the  contaminant 
adsorbed,  has  found  widespread  use.  This  equation  is  expressed  ut 

I  -  KC  [Eq2J 


where!  X  «  Amount  of  contaminant  adsorbed 
M  >  Weight  of  the  carbon 
K,n  a  Constants 

C  ^  Amount  of  contaminant  remaining  in  solution. 

The  logarithmic  form  of  this  equation  ist 

log  ^  «  log  K  ~  log  C 

Thus,  if  the  relationship  is  logarithmically  linear,  1/n  represents  the  slop#  of  the  line, 
which  is  used  to  interpret  the  removal  effectiveness  of  that  carbon  for  the  contaminant 
measured  at  that  temperature.  Figure  8  shows  QAC  isotharms  for  savaral  organic 
compounds,  most  of  which  hsve  proposed  drinking  water  standirds.***  The  U8BPA 
Treatability  Manual  tlco  contains  isotherms  for  several  organic  compounds.*’  Isotherms 
from  published  sources  may  be  used  for  guidance  and  preliminary  studies.  For  design 
purposes,  isotherms  should  be  determined  from  tests  with  OAC  undsr  consideration  and 
the  water  to  be  treated. 

Classic  carbon  espaoity  teats,  suoh  as  those  for  the  iodine  end  molasses  numbers, 
may  indicate  the  adsorption  capacity  of  a  carbon  contemplated  for  a  specific  use.  The 
iodine  number  represents  milligrams  of  iodine  adsorbed  from  a  0.02'’N  solution  at 
equilibrium  under  specified  conditions.  The  molasses  number  is  an  index  of  the  oarbon'i 
adsorptive  capacity  for  color  bodies  in  a  standard  molasses  solution  as  compared  to  a 
standard  carbon.  These  numbers  can  be  used  for  carbon-type  screening  as  a  function  of 
the  organic  species  of  concern.  Specifically,  lodint  number  reflects  the  carbon's 
effioienoy  for  adsorbing  small  moleoulesi  molasses  number  predicts  the  carbon's  affinity 
for  large  organic  moleoulea. 

The  potential  for  removing  both  groaa  organlos  and  ipeoiflo  organic  ipeolaa  can  be 
determined  from  an  iiotherm  teat.  Furthermore,  the  procedure  will  Indicate  the  carbon's 


‘“V,  Snoeylnk,  "Control  Strategy— Adaorptlon  Techniques,"  Occurrence  and  Removal  of 
Volatile  Organic  Chemicals  from  Drinking  Water  (AWWA  Reaearoh  Foundation,  1983). 
”U8EPA,  Treotabatty  Manual  (Office  of  Reaearoh  and  Development,  September  1981). 
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Flgur*  8«  Adsorption  tsothsrmi  for  orgsnlo  oontsmlnsnts.  (Fromt  V.  Snotyink, 
"Control  Strstsgy— Adsorption  Tsohnlquts,"  Oeourrtncs  and  Rsmovat  of 
Votatds  Organic  Chemicals  from  Drinking  IVater  [AWWA  Reasaroh 
Foundation,  1983].  Uiad  with  partnlsilon.) 


approximata  capacity  for  the  apaelflc  application  and  provide  a  preliminary  eitlmate  of 
the  carbon  dotage  required.  For  example,  an  approximation  of  the  amount  of  carbon 
contumed  per  day  would  be  equal  to  the  amount  of  contaminant  to  be  removed  per  day, 
divided  by  the  carbon's  adsorptive  capacity.  Figure  9  shows  a  design  example  using  an 
adsorption  isotherm.  It  should  be  noted  that  this  Isotherm  Is  unique  to  a  particular 
carbon,  water  to  be  treated,  temperature,  and  pH.  Isotherm  tests  also  provide  a 
convenient  way  to  evaluate  the  effects  of  pH  and  temperature  on  adsorption.  Isotherms 
concentrate  a  large  volume  of  data  into  a  concise  format  suitable  for  evaluation  and 
Interpretation. 


Qranular-Actlvated  Carbon  (QAC) 

QAC  has  been  a  popular  choice  for  removing  organics  from  potable  water.  In 
discussing  OAC  beds,  several  design  and  operating  parameters  should  be  defined,  as 
summarized  In  Table  13.  The  adsorption  Isotherm  was  Just  discussed.  Another 
parameter,  breakthrough  curve,  shows  the  contaminant  concentration  In  the  effluent 
plotted  against  the  water  volume  treated,  as  Figure  10  shows.^'  As  water  filters  through 
the  bed,  carbon  adsorbs  the  organic  compound.  Gradually,  all  adsorption  sites  are  filled 
and  the  compound  appears  In  the  effluent.  The  effluent  concentration  then  may  exceed 
the  allowable  level  (C0  In  Figure  10)  and  the  breakthrough  point  la  reached.  The  point  at 
which  the  contaminant  concentration  In  the  effluent  is  98  percent  of  the  Influent 
concentration  is  called  the  "point  of  exhaustion,"  denoted  at  Cg,  Curve  a  In  Figure  10  Is 
steep,  meaning  the  water  caused  the  bed  to  reach  exhaustion  soon  after  breakthrough. 


**L.  D.  Benefield,  J.  F.  Judkins,  and  B.  L.  Weand. 
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Flgur*  9t  ExtmpU  atfiorptlon  liothtrm  for  dttarmlnlng  PAG  doiage  for 
ohloroform  rtmoval  from  a  watar  ualng  FUtaraorb  900.  (Fromi  J.  M. 
Symoni,  at  al.,  Traotmant  Tachntquaa  for  ControlUng  Trlhalomathonaa 
tn  Drinking  VVatar  [USEPA,  1881].  Uiad  with  parmiaalon.) 

Tabla  13 

Oaatgn  and  Oparatlng  Conaldaratlona  (or  GAC  Plants 

Adsorption  laotharm  (alopa  of  lina) 

Shapa  of  braakthrough  ourva 
Tima  of  axhauation 
Bed  depth 

Empty  bad  oontaot  time  (EBCT)  «  QAC  bad  votuma/flow 

Carbon  usage  rata  (mg/L  or  lb/1000  gal)  ■  mass  of  oarbon  usad/voluma  of  water  treated 
at  breakthrough  point 

Loading  rata  (bad  volumes)  >  total  volume  of  water  treated  at  breakthrough  point/OAC 
bad  volume 

Linear  velooity  ■  flow/bad  area 

Backwashing  fraquanoy 

Carbon  regeneration  -  fraquanoy  and  cost 


Location  in  treatment  plant 


EFFLUENT  VOLUME 


Ftfuni  10.  Brtikthrouch  ourvM.  (Fromt  L.  D.  Bintfltldt  J.  F.  Judklni,  and  B.  L. 

Wtandi  Process  Chtmiatry  for  Wator  ond  IVoatawattr  Traotmant 
[Prantioa-Hallt  1982].  Uiad  with  parmiiiion.) 


This  ti  of  tan  oharaotartstlo  of  watar  with  only  ona  oontamlnant  balng  adiorbad.'^  Curva 
b  dasorlbas  a  watar  with  mora  than  ona  oontamlnant  balng  adaorbad  on  tha  oarbon. 

Anothar  important  paramatar  in  disousslng  QAC  adsorption  is  ampty  bad  oontaot 
tima  (EBCT),  dafinad  sat 


-bct  »  yoJufPt.,orOAg.ln^(i..ar.,sqlM  [rq  3] 

flow  of  watar  ‘  ^  •* 

EBCT  usually  is  about  10  mini  but  can  ranga  from  9  to  84.5  min.**  Factors  affecting 
EBCT  are  tha  oarbon'a  type  and  aizai  organic  compound  oonoantration  in  tha  influanti 
flow  ratal  and  bad  depth.  Bad  depth  may  ranga  from  about  3  to  14  ft|**  and  is  also  an 
important  design  varlbla  since  it  influancas  tha  expanse  for  oarbon. 

Other  process  variables  are  oarbon  usage  rate  (axprassad  in  mg/L  or  lb/1000  gal)i 
loading  (often  axprassad  in  terms  of  bad  volumes),  and  linear  velocity  or  application  rate 
(flow  divided  by  cross  sectional  area).  Typical  loading  rates  of  QAC  plants  in  The 
Netherlands  are  14,000  to  85,000  bed  volumes  and  linear  velocity  ranges  from  less  than  1 
to  1.6  ft/mln.^*  Flow  rates  ranga  from  2  to  10  gpm/sq  ft. 


*'’L*  D.  Banafieldi  J.  F.  Judkins,  and  B.  L.  Weand. 
**J.  C.  Krulthof. 

**V.  Bnoeyink. 

’*J.  C.  Krulthof. 


Backwashing  frequency  is  an  important  operating  parameter  for  gravity  GAC 
beds.  Plants  try  to  backwash  as  seldom  as  possible  so  as  not  to  disturb  the  bed.  Some 
operations  do  not  backwash  at  alU  whereas  others  backwash  about  once  per  week.^ ' 


Regeneration  also  contributes  to  total  operating  costs.  Regeneration  frequency 
will  be  determined  by  the  water's  character  and  operating  parameters,  and  the  coat  for 
regeneration  will  vary  by  locality.  Regeneration  is  done  an  average  of  every  IS  months 
and  about  5  to  10  percent  of  the  carbon  is  lost.^^  Another  option  is  to  use  QAC  that  is 
not  regenerable. 


Finally,  the  QAC  contactors'  configuration  and  location  in  the  treatment  plant 
must  be  considered.  QAC  beds  or  columns  can  be  installed  as  a  single  column  (usually 
adequate  for  small  flows),  in  series,  or  in  parallel,  depending  on  the  amount  and  quality 
of  water  to  be  treated.  The  QAC  process  usually  is  positioned  at  the  end  of  the 
treatment  process,  after  turbidity  removal,  softening,  and  iron  and  manganese  removal. 
Most  QAC  processes  are  preceded  by  rapid  filtration  to  remove  fine,  precipitated  matter 
that  could  clog  pores  in  the  QAC. 

QAC  can  be  used  in  either  of  two  waysi  (1)  removing  some  of  the  sand  in  an 
existing  rapid  sand  filter  and  replacing  it  with  QAC  or  (2)  as  carbon  columns  with 
pretreated  water  being  passed  through  a  QAC  column.  The  advantage  of  capping  existing 
sand  filters  with  QAC  is  low  cost.^^  The  process,  however,  does  require  careful 
investigation  of  the  carbon  contact  time  necessary  to  remove  the  organic  species  since 
the  filter  beds  are  shallow.  Furthemore,  carbon  losses  due  to  backwash  and  the  logistics 
of  removing  the  QAC  cap  for  regeneration  give  the  process  major  operational  dis¬ 
advantages.  This  type  of  approach  has  been  used  to  control  organic  species  (primarily 
taste-  and  odor-producing)  for  over  100  years,  so  the  design  procedures  for  filter 
hydraulics  and  backwashing  are  documented  well  in  the  literature.  However,  the  Army 
design  engineer  should  use  caution  in  developing  performance  standards  from  standard 
design  procedures.  Instead,  performance  standards  should  be  developed  from  isotherm 
data  on  the  water  and  for  the  specific  organic  species  of  concern.  The  mean  bed  contact 
time  should  then  be  determined  to  calculate  projected  performance  from  the  isotherm 
data. 

For  complex  organic  species,  the  filter  cap  approach  to  QAC  treatment  does  not 
permit  enough  carbon  contact  time  or  process  flexibility  to  meet  requisite  quality 
criteria.^'*  In  these  cases,  carbon  columns  or  beds  may  provide  an  effective  alternative 
that  meets  the  contact  time  and  operating  flexibility  requirements  for  the  organic 
species  of  concern.  These  columns  or  beds  can  be  in  the  form  of  a  pressure  contactor  in 
a  steel  tank  or  a  gravity  contractor  In  an  open  concrete  tank.  Figure  11  shows  both.^’^ 

The  pressure  contactor  may  be  the  better  choice  for  small  groundwater  systems 
because  one  pumping  stage  can  be  used  to  pass  water  through  the  filter  and  Into  the 
distribution  system.^*  However,  gravity  bads  also  have  an  advantage  because  the 
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’‘J.  C.  Kruithof. 

’’J.  C.  Kruithof. 

P.  Shelton,  et  al.,  A  Model  for  the  Coat  Effective  Design  of  (Voter  Treatment  Unit 


47 


MRATINO  FLOOR 


PRESSURE  CONTACTOR 


FIgura  11.  Carbon  oontaoton.  (Fromi  V.  Bnoeytnk,  "Control  Strategy'-Adiorption 
ToohniquoSt"  Occurponca  and  Ramoval  of  Volattlo  Oryantc  Cham  (cola 
from  Drinking  IVatar  [AWWA  Reaearoh  Foundation,  19B3.]  Used  with 
parmiaaion.) 


(1)  concrete  tank  is  not  susceptible  to  corrosion  and  (2)  the  bed's  condition  can  be  viewed 
easily  since  it  is  open  to  the  atmosphere. 


A  carbon  column's  flow  rate  and  bed  depth  can  be  approximated  from  isotherm 
data.  However*  the  operational  cost  of  QAC  column  systems  makes  it  prudent  to 
perform  pilot-scale  Investigations  to  define  the  most  cost-effective  flow  and  bed  depth 
to  meet  the  organic  species  removal  criteria.  These  variables  will  be  related  to  the  rate 
of  organic  species  adsorbance  and  environmental  conditions  such  as  pH  and 
temperature.  Typical  column  configurations  for  pilot  testing  have  flow  rates  of  2  to  10 
gpm/sq  ft  and  carbon  bed  depths  of  10  to  30  ft.  In  pilot-plant  investigations*  column 
diameters  as  low  as  6  in.  can  be  used  without  significant  error  due  to  wall  effects. 

The  prospective  carbon  types  should  be  evaluated  using  the  isotherm  tests 
described  previously.  The  best  one  or  two  carbons  may  then  be  subjected  to  pilot-scale 
testing.  It  is  not  necessary  to  run  pilot  tests  on  a  large  variety  of  carbon  typest  the 
pilot  test's  purpose  is  to  refine  design  variables  toi 

1.  Compare  between  the  best  two  candidate  carbons  under  the  same  dynamic  flow 
conditions. 

2.  Determine  the  minimum  required  contact  time  to  meet  requisite  organic  species 
quality  requirements. 

3.  Confirm  manufacturers'  data  relative  to  bed  hydraulics  and  head  loss  for  various 
configurations. 

4.  Determine  carbon  dosage  requirements*  which  subsequently  will  affect 
regeneration  alternatives. 

5.  Evaluate  the  impact  of  various  pretreatment  alternatives  on  the  carbon  column 
performance*  dosage*  and  cost  if  the  treatment  facility  has  not  been  predetermined. 

6.  Evaluate  the  columns'  feasibility  versus  capped  filters  relative  to  rate*  dosage* 
and  other  design  variables. 

In  all  pilot  plant  tests*  care  should  be  taken  to  duplicate  the  water  that  will  be  processed 
in  the  full-scale  operation.  Although  pH  and  temperature  are  the  two  major  components 
influencing  performance*  other  properties  of  the  water  can  also  affect  system 
performance. 

The  removal  effectiveness  for  a  specific  organic  compound  may  be  influenced  by 
the  presence  of  other  organic  compounds  that  compete  for  adsorption  sites  on  the 
carbon.  For  instance*  the  adsorptive  capacity  of  dichlorophenol  was  reduced  when  a 
small  amount  of  trlchlorophenol  was  present  in  water  to  be  treated.^*  Humic  acids  also 
have  been  found  to  Interfere  with  adsorption  by  competing  for  adsorptive  sites.  For 
these  reasons*  removal  efficiencies  for  a  given  compound  may  vary  from  one  Installation 
to  the  next  or  even  within  the  same  Installation  if  raw  water  quality  changes  over  time. 
Thus*  It  Is  advisable  to  use  the  water  to  be  treated  when  testing  candidate  brands  of 
activated  carbon  before  purchasing. 


V.  Roberts  and  R.  S.  Summers,  "Performance  of  Granular  Activated  Carbon 
for  Total  Organic  Carbon  Removal*"  JAWWA^  Vol  74,  Ko.  2  (February  1982). 
Snoeyink. 
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Once  pilot-plant  data  are  developed*  the  column  can  be  designed.  Many  factors 
Influence  the  design  of  contactors  for  GAG  systems*  but  one  of  the  most  important  to 
consider  Is  whether  full  advantage  Is  taken  of  reserve  adsorption  capacity  by  using 
countercurrent  upfiow  contactors.  "Reserve  capacity"  refers  to  the  carbon's  ability  to 
reduce  an  organic  to  some  degree*  but  not  enough  to  meet  the  requisite  criteria.  For 
example*  If  the  requisite  criteria  for  a  particular  organic  species  were  10  ug/L*  the 
carbon*  when  considered  to  be  exhausted*  could  no  longer  adsorb  the  organic  from  a 
solution  containing  10  ug/L.  However*  the  same  cabon  may  still  have  the  capacity  to 
reduce  the  influent  organic  from  100  to  30  ug/L.  This  concept  can  be  extrapolated  until 
the  carbon  will  not  adsorb  the  organic  at  100  ug/L  or  is  totally  exhausted  and  must  be 
replaced  or  regenerated.  By  using  an  upfiow  countercurrent  column  in  which  fresh 
carbon  is  added  to  the  top  and  spent  carbon  is  removed  from  the  bottom*  all  carbon  in 
the  system  can  be  completely  exhausted  before  replacement  or  regeneration.  Full 
countercurrent  operation  can  be  obtained  best  in  upfiow  beds  because  the  spent  carbon 
can  be  withdrawn  easily  from  the  column  base  (gravity)  and  the  carbon  particles  tend  to 
maintain  their  spatial  integrity  since  carbon  density  increases  as  a  function  of  the 
amount  of  organics  adsorbed. 


QAC  Case  Studies 

QAC  has  been  recognised  as  being  able  to  effectively  remove  a  broad  spectrum  of 
organic  compounds*  including  chlorinated  hydrocarbon  solvents*  pesticides*  and  THMs. 
Pilot  QAC  plants  in  the  Netherlands  measured  75  to  95  percent  removal  of 
dichlorobenzene.^*  Removal  of  other  chlorinated  hydrocarbons  also  was  good.  There  are 
SO  GAC  plants  operating  In  the  United  States  and  seven  of  these  are  for  removing 
specific  organic  compounds. 

Two  wells  serving  Woodbury*  CT  (total  well  capacity  0.15  MOD)  became  con¬ 
taminated  with  TCE  and  several  other  volatile  organic  compounds.  TCE  concentrations 
were  as  high  as  120  ug/L.  An  existing  softening  unit  was  retrofitted  as  a  pressurized 
GAC  system  composed  of  three  60-cu  ft  downflow  bedB.“  TCE  concentration  was 
brought  to  below  25  ug/L  and  that  of  other  organics  to  below  detectable  levels. 

QAC  was  used  to  treat  groundwater  contaminated  with  TCE  and  ethers  in 
Rockaway  Township*  NJ*  where  TCE  levels  were  as  high  as  220  ug/L.‘^  Two  downflow 
pressure  GAC  beds*  each  10  ft  in  diameter  and  20  ft  high  and  containing  20*000  lb  of  B  X 
30  mesh  GAC*  were  Installed.  TCE  concentrations  were  reduced  to  acceptable  levels* 
although  the  ethers  exhausted  the  adsorptive  capacity  of  the  bed  sooner  than  expected. 
This  system's  capital  coat  was  $200*000.  Operating  costs  for  this  and  other  QAC  systems 
used  to  remove  chlorinated  hydrocarbons  ranged  from  $0.08  to  $0.38  par  thousand 
gallons. The  higher  operating  cost  for  Rockaway  Township  is  due  to  the  frequent 
replacement  of  carbon. 

An  example  of  design  and  operating  parameters  for  a  QAC  plant  is  provided  by  a 
plant  at  Zevenbergen*  Netherlands.  This  plant  has  an  average  loading  of  76*610  gal/hr 


’*W.  C.  VanHer,  et  al. 
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""J.  C.  Krulthof*  et  al.*  "Design*  Construction  and  Operation  of  Carbon  Filters*" 

Activated  Carbon  in  Drinking  Water  Technology  (AWWA  Research  Foundation*  1983). 


and  was  constructed  to  remove  toxic  organic  compounds  such  as  pesticides  and 
insecticides  and  to  improve  taste.  The  actual  plant  design  capacity  is  211,338  gal/hr 
distributed  over  three  open  concrete  filters,  each  2048  cu  ft.  The  bed  depth  is  6.9  ft, 
velocity  is  11.1  ft/hr,  and  CBCT  is  37  min.  The  plant's  operation  ia  completely 
automated.  Carbon  life  is  1  to  2  years  or  about  20,000  to  2S,000  bed  volumes.  The 
filters  are  equipped  for  backwashing,  but  this  ia  not  done  during  a  normal  filter  run.  The 
carbon  is  delivered  in  bulk  by  truck  and  is  unloaded  into  the  beds  through  a  pipe.  After 
filling  to  a  uniform  depth,  the  filter  is  backwashed  several  times  to  remove  dust  and 
ensure  the  carbon's  uniformity.  To  remove  the  carbon  for  regeneration  (every  1  or  2 
years),  it  is  pumped  as  a  slurry  (20  percent  concentration)  at  a  rate  of  about  440 
gal/min.  The  objective  Is  to  minimize  abrasion  of  the  carbon.  About  10  percent  of  the 
carbon  is  then  lost  during  regeneration.  The  total  capital  oust  (including  engineering  and 
construction)  for  the  GAC  plant  was  $1.46  million  (1983  dollars). 


Estimating  GAC  Costa 

Equations  for  estimating  the  annual  capital  and  operating  and  maintenance  (O&M) 
costs  for  GAC  systems  have  been  formulated.  Costs  for  the  contactor,  carbon,  and 
regeneration  (transportations,  storage,  and  regeneration)  are  calculated  separately.*’^ 
Capital  cost  equations  for  the  contactors  are  done  on  a  volume-per-individual  contactor 
basis,  and  It  Is  assumed  that  the  unit  is  completely  housed.  The  equations  exclude 
equipment  for  surface  washing  and  backwashing,  the  initial  carbon  charge,  and  carbon 
handling  facilities  outside  the  pipe  gallery  or  building.  OdcM  cost  equations  for 
contactors  are  on  a  square  foot  basis. 

One  option  ia  to  convert  an  existing  sand  filter  to  a  GAC  contactor  and,  therefore, 
a  separate  equation  ia  included.  With  this  option,  carbon  handling  ducts  would  have  to  be 
installed. 

Table  14  shows  the  design  assumptions  used  In  deriving  the  equations  and  Table  IS 
shows  the  equations.  Other  necessary  equations  are  for  initial  carbon  supply  and 
replacement  of  carbon  lost  after  regeneration! 

Carbon  supply,  $/yr  =  (lb  OAC)(cost,  $/lb) 

X  (annual  capital  recovery  factor)  [Eq  4] 

Carbon  replacement,  $/yr  g  (lb  GAC  replaced) 

X  (cost,  $/lb)(No.  replacements/yr)  [Eq  61 


It  is  assumed  that  carbon  would  be  regenerated  offsite  at  a  multihearth  facility. 
(Equations  for  estimating  costs  of  regenerating  the  cnrbon  onsite  are  found 
elsewhere.”^)  The  estimates  require  using  two  equations:  one  for  transportation  and 
storage,  and  one  for  regional  multihearth  regeneration.  The  latter  equation  should  be 
multiplied  by  percentage  use.  The  area  given  in  the  size  range  column  for 
transportation,  storage,  and  rogencratlon  is  In  square  feet  of  hearth  area.  The  number  of 
pounds  per  day  of  carbon  to  be  regenerated  should  be  divided  by  70  Ib/day-sq  ft  of  hearth 
area  to  find  hearth  area  to  be  used  in  the  equation. 


*’^R.  M.  Clark,  et  al. 
Vi.  Clark,  et  al. 
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Tabl«  14 


AMumptiona  for  GAC  Coat  Equatloni* 


Ooitgn  Partmoton  for  Poatf Utar  Adaorption 


Paramater 

(1) 


Aotivatad  carbon  cost 
Activated  carbon  leas  per 
reactivation  cycle 
Natural  spaa  coat 
Electric  power  coat 
Conatruotion  coat  index 
Produoara  price  index 
Direct  hourly  wage  rate 
Amortization  rate 
Amortization  period 
Loaa  in  adaorptiva  capacity 
Deaign  capacity 
Empty  bed  contact  time 
Reactivation  frequency 


Value 

(2) 


$0.65/lb  ($1.43/kg) 


$0.0013/aof  ($3,679  x  10’^/8M^) 

$O.04/kWh 

32S.0 

243.8 

$U/hr 

8% 

20  yr 
0% 

70% 

18  min 

Every  2.4  montha 


Aaaumptiona  for  Separate  PoatfUtratton  Byatema _ 

DMign  Capacity  In  MOD  (m’/day) 


Item 
«»  . 

1 

(4,000) 

(8) 

8 

(80,000) 

<8) 

10 

(40,000) 

(4) 

100 

(400,000) 

(8) 

180 

(600,000) 

(0) 

Number  of  contactors 

3 

6 

12 

40 

80 

Diameter  of  contactors, 
in  ft  (m) 

8 

(2.4) 

12 

(3.7) 

12 

(3.7) 

20 

(8.1) 

20 

(8.1) 

Depth  of  contactors, 
in  h  (m) 

13 

(4.0) 

13 

(4.0) 

13 

(4.0) 

14 

(4.3) 

<J 

Volume  of  OAC  per  .con¬ 
tactor,  in  cu  ft  (m^) 

653.1 

(18.6) 

1,469.5 

(41.8) 

1,469.5 

(41.6) 

4,396.0 

(124.4) 

4,396.0 

(124.4) 

Minimum  empty  bed 
contact  time,  in  min 

18 

18 

18 

18 

18 

♦Fromi  Clark,  R.  M.,  ' 

'Optimizing  OAC 

Systems," 

ASCE/EEDJ, 

Vol  100,  No. 

1  (A8CB, 

1083).  Uaed  with  permiaalon. 
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Other  GAC  costs  have  been  estimated/^  Table  16  shows  capital  and  operating: 
costs  associated  with  TCE  removal  for  three  size  categories  of  population,  from  500  to 
50  tig/L  and  500  to  S  ug/L.  Figure  18  (Chapter  5)  shows  QAC  treatment  costs  for 
removing  different  chlorinated  hydrocarbons  compared  with  aeration  oosts» 


Powdered-Activated  Carbon  (PAC) 

PAC  systems  have  been  used  widely  in  water  treatment  plants  to  remove  organic 
materials  that  cause  taste  and  odor  problems.  This  narrow  application  has  been  expanded 
in  recent  years  to  include  .‘emoval  of  THMs,  and  may  be  expanded  in  the  future  to 
include  treatment  of  other  as  yet  undefined  organic  species. 

Isotherm  data  should  be  developed  for  PAC  systems  application  using  the 
procedures  discussed  previously.  These  data  should  be  determined  for  the  raw  water  as 
well  as  for  various  levels  of  treated  water  that  represent  the  candidate  points  of 
applications  within  the  treatment  plant.  The  application  point  should  be  selected  to 
ensure  that  the  carbon  and  water  will  be  mixed  adequately,  enough  contact  time  is 
provided  as  indicated  by  the  Isotherm  evaluation,  and  the  organic  species  are  in  a  form 
amenable  to  adsorption  as  indicated  from  the  isotherm  data.  Typical  application  points 
that  have  been  used  in  water  treatment  plants  include  the  raw  water,  rapid-mix  basin, 
flocculators,  sedimentation  basins,  conduits  to  the  filters,  and  the  filter  tops. 

PAC  applications  to  raw  water  usually  have  been  effective  for  classical  taste  and 
odor  objectives  and  THM  precursor  removal.'*  The  Influent  conduct  provides  a  long 
contact  time  end  good  mixing,  and  adsorption  can  occur  before  THM  precursors  have 
reacted  with  chlorine.  The  basin  may  be  equally  effective  if  chlorine  is  added  at  a  later 
point  or  if  chlorine  does  not  affect  the  organic  species  of  concern.  Application  to  the 
hocculators  or  sedimentation  basins  does  not  appear  to  be  as  effective  except  when  color 
or  high  turbidity  levels  are  present.  PAC  addition  to  the  top  of  the  filters  gives  a  good 
final  polish  to  the  water  when  used  in  conjunction  with  previous  application,  but  this 
method  may  not  be  adequate  for  total  treatment  due  to  limited  contact  time.  In  PAC 
system  design,  several  application  points  usually  are  provided  to  maximize  operational 
Hexibility. 

A  note  of  caution  relative  to  regeneration  technologies  for  PAC  cystemsi  many 
classical  references  indicate  that  PAC  is  not  a  good  choice  for  long-term  application 
since  the  carbon  cannot  be  regenerated  cost-effectively.  However,  recent  innovations  in 
PAC  regeneration  systems  and  other  evolving  technologies  are  decreasing  the 
significance  of  that  problem.  For  example,  a  new  technique  for  using  PAC  has  been  pilot 
tested  in  West  Germany."  The  PAC  is  applied  to  a  filter  bed  consisting  of  carrier 
material  such  as  l-to-3-mm  istyrene  spheres.  The  bed  is  conditioned  by  recirculating 
water  through  it  for  10  to  20  min  to  allow  the  PAC  to  adhere  to  the  spheres.  The  bed  is 
then  operated  as  an  upflow  filter  until  breakthrough  occurs.  Then  the  PAC  is  washed 
from  the  carrier  material  and  the  resulting  slurry  is  discarded.  Dissolved  organics 
removal  was  comparable  to  that  using  QAC  plants.  Advantages  of  this  technique  are 
that  it  has  an  easily  adaptable  PAC  dosage  with  influent  water  quality,  prevents 


"V.  Snoeylnk. 

"C.  Oulman. 

"J.  A.  P.  Meijers,  et  al.,  *'The  Use  of  Powdered  Activated  Carbon  In  Conventional  and 
New  Techniques,"  Activated  Carbon  in  Drinking  Water  Technology  (AWWA  Research 
Foundation,  1083). 
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Table  16 


Preliminary  QAC  Coata  for  Controlling  TCB  in  Drinking  Water 
(1981  DoUan  x  1000)* 


_ Removal  of  800  ug/L  to  50 _ 

_ Svitem  Slae  Category _ 

Population  served  100-490  1000-2499  10)000-24f990 

Capital  expenditures  82.00  344.00  741.00 

Coat  per  1000  gal  1.53  0.9  0.22 

_ Removal  of  800  ug/L  to  8 _ 

_ avetem  Blaa  Category _ 

Population  served  100-499  1000-2499 

Capital  expenditures  82.00  344.00 

Cost  per  1000  gal  1.58  0.82 


10,000-24»999 

741.00 

0.25 


♦FromTvrSnoeyink,  "Control  Strategy-Adsorption  Techniques,”  Occurrence  and  Re- 
movol  of  Volatile  Organic  Chemicals  /rom  Drinking  Water  (AWWA  Research  Foundation, 
1983).  Used  with  permission. 


desorption  of  already  adsorbed  compounds  and  biological  growth  on  the  carbon,  and  is 
amenable  to  automation.  Further  testing  is  needed  to  optimize  the  size  of  carrier 
material  and  contact  time  and  to  select  the  best  brand  of  carbon  before  this  method  will 
find  common  use  In  water  plants. 

The  USEPA  has  estimated  the  cost  of  treating  water  with  various  dosages  of  PAC. 
Table  17  lists  these  estimates  for  various  sizes  of  treatment  plants. 

In  summary,  unit  processes  that  use  activated  carbon  adsorption  to  remove  organic 
species  probably  are  the  most  common  organic  treatment  techniques.  These  proceses 
have  evolved  over  the  past  100  years,  first  to  control  taste  and  odor  In  water  supplies, 
then  to  remove  refractory  organics  in  advanced  wastewater  treatment  and  water  reuse, 
and  finally  to  control  THMs  and  pesticides.  Activated  carbon  treatment  is  anticipated  to 
continue  evolving  as  a  primary  treatment  medium  for  organic  species  that  become 
regulated  in  the  future.  This  growth  will  be  due  to  the  method's  flexibility  and  the 
relative  wealth  of  alternative  design  approaches. 


Coft  of  Troatinc  With  Powdorod  Activated  Carbon* 


Plant  Desisn  Caoaeitv 

Powdered  Activated  Carbon  Feed  Caoaeitv*  me/L** 

mVsec  (MOD) 

8 

15 

30 

0.438  (1) 

2.64  (10.0) 

3.09  (11.70) 

3.19  (12.10) 

0.219  (6) 

0.85  (3.20) 

1.24  (4.70) 

1.29  (4.90) 

0.438  (10) 

0.61  (2.30) 

1.30  (3.90) 

1.06  (4.00) 

0.687  (15) 

0.88  (2.10) 

0.95  (3.60) 

0.98  (3.70) 

*Fromi  Culp/Weaner/Culp,  Evaluation  of  Treatment  Techniques  for  Reducing  Trihato- 
methanes  in  Drinking  Watert  EPA  Contract  MTo.  68-01-6292  (July  1983). 

** Average  annual  dotage  is  5  mg/L  for  the  S-tng/L  feed  oapaoity,  and  ia  10  mg/L  for  the 
18-  and  30-mg/L  feed  oapaoitiea.  Thia  ia  neoeaaary  becauae  regulations  reatriot  average 
annual  dotage  to  an  upper  limit  of  10  mg/L. 


Ion  Biohange  and  Synthatle  Resins 

Ion  exchange  ia  a  prooeat  in  which  ions  held  by  eleotroatatio  forces  to  charged 
functional  groups  on  the  surfaoe  of  a  solid  are  exchanged  for  ions  of  similar  charge  in  a 
solution  in  which  the  solid  is  immersed.  Because  the  charged  functional  groups  where 
exchange  occurs  are  on  the  surfaoe  of  the  solid,  and  because  the  exchanging  ions  must 
undergo  a  phase  transfer  from  solution  to  surfaoe  phase,  ion  exchange  involves  both 
adsorption  and  absorption  in  removing  molecules  from  a  fluid. 

In  unit  process  design,  "ion  exchange"  typically  refers  to  a  contained  bed  of  resin 
through  which  water  is  passed  for  treatment.  "Resin  treatment"  is  the  process  of  feeding 
ion  exchange  or  adsorption  resin  to  the  water  at  some  point  in  the  treatment  process 
much  like  the  PAG  application  discussed  previously.  When  the  resin  and  water  become 
mixed,  sorption  occurs  as  the  water  moves  through  other  unit  operations.  Once  the 
sorption  process  is  complete,  the  resin,  like  PAG,  is  recovered,  regenerated,  and  reused. 

Many  different  types  of  synthetic  resins  that  differ  both  in  matrix  and  functional 
groups  have  been  used  for  adsorption.  A  few  adsorbent  types,  such  as  the  styrene- 
divinylbenzene  and  the  phenol-formaldehyde  rosins,  are  made  without  additional 
functional  groups.  Typically,  however,  resins  have  functional  groups  that  make  it 
possible  for  substances  to  be  taken  up  by  Ion  exchange  or  by  specific  interaction  with  the 
functional  group.  The  strong-base  Ion-exchange  resins,  for  example,  frequently  have  the 
quaternary  ammonium  functional  group  whereas  the  weak-base  resins  generally  have  an 
amine  functional  group.  The  strong-acid  and  weak-acid  functional  groups  can  remove 
substances  from  water  by  cation  exohangei  typical  functional  groups  are  the  sulfonates 
and  carboxyls.  Furthermore,  the  degree  of  crosslinking  between  polymers  constituting 


the  matrix  can  be  varied  and*  thus*  resins  with  different  pore  size  distributions  can  be 
generated. 

Several  investigators  in  the  United  States  and  Europe  have  evaluated  these  resin 
types  for  potential  application  in  removing  organic  species  from  potable  water.  In 
general*  they  were  comparable  to  activated  carbons  in  removing  organic  species,  with 
some  notable  variations.  In  some  tests,  the  synthetic  resins'  capacity  for  removing 
trichloroethylene  and  other  solvents  was  found  to  be  two  to  three  times  that  of  QAC.  In 
other  cases*  resins  were  less  effective  than  QAC.*'  Some  resins  have  been  successful 
for  removing  humic  acids*  others  for  low-molecular-weight  organics,  and  still  others  for 
THMs.  Repins  generally  are  very  selective  for  a  specific  compound  of  Interest. 

The  two  major  deficiencies  associated  with  synthetic  resins  are  cost  and 
regeneration  problems.  Specifically,  these  resins  are  considerably  more  expensive  than 
activated  carbon  and  often  have  much  shorter  cycle  times.  Furthermore,  the  cost  and 
effioiancy  of  resin  regeneration  Is  far  leas  attractive  than  for  activated  carbon 
regeneration. 

With  current  technology,  resins  are  not  applicable  as  a  general  organic  adsorbent 
for  potable  water  treatment.  They  are  more  selective  than  activated  carbon  and  thus  do 
not  provide  the  broad  range  of  organic  species  adsorption  typically  desired  in  potable 
water  treatment.  There  are  situations  for  which  the  resins  could  be  superior  to  activated 
carbon  when  a  single  organic  species  is  of  conoernt  however,  in  these  instances, 
information  required  on  the  specific  resin-organic  interactions  would  require  pilot-plant 
investigations. 

Removal  of  specific  organic  compounds  using  synthetic  resins  is  an  evolving 
technology.  To  date,  no  successful  commercial  applications  of  this  technology  have  been 
reported  for  organic  species  control  in  potable  water)  however,  the  technology  is 
improving  and  may  eventually  become  both  technically  effective  and  economical. 


^'^C.  T.  Anderson  and  W.  J.  Main,  "Trace  Organics  Removal  by  Anion  Exchange  Resins," 
JAWWA,  Vol  71,  No.  5  (May  1979))  R.  C.  Dressman,  et  al.)  E.  Q.  Isaooff  and  J.  A. 
Bittner,  "Resin  Adsorbent  Takes  on  Chlororganios  from  Well  Water,"  Water  and  Sewage 
Works  Journal  (WdcSWJ)  (August  1979))  C.  Oulman. 

T.  Love  and  R.  Q.  Ellers. 


5  PHYSICAL  TRBATMENT/SEPARATION  PROCESSES  FOR 
CONTROLLING  ORGANICS 


Physical  traatmant/separatlon  includes  four  Iproups  that  may  apply  to  water 
supplies!  evaporatlon/volatilizationi  distillation,  stripping,  and  membrane  processes. 
These  methods  remove  both  THMs  and  other  trace  organic  compounds.  Refer  back  to 
Table  9  to  review  the  processes  and  the  types  and  characteristics  of  compounds  removed. 


Svaporatlon/VolatUlBatlon 

Evaporation/volattliaatlon  can  be  used  to  remove  low-moleoular-weight,  volatile 
organios.  It  la  unlikely  that  these  species  would  be  found  in  surface  watersi  however,  in 
groundwater  souroes,  compounds  such  as  methane  and  other  low-moleoular-weight, 
volatile  organios  sometimes  are  present.  When  the  groundwater  is  stored  with  a  free 
surface,  these  compounds  will  escape  to  the  atmosphere.*^  If  the  organios  are  less 
volatile  or  concentrated  such  that  they  do  not  escape  from  the  free  surfaoe,  a  forcing 
process  such  as  air-  or  steam-stripping  can  be  used. 


Air-Stripping 

Air-strlpplng  is  a  mass-transfer  operation  that  can  reduoe  the  oonoentratlon  of 
medium  to  highly  volatile,  low-  to  medium-moleoular-weight  organios  and  dissolved 
gases.**  Packed  towers  (Figure  12)  are  commonly  used  for  air-stripping  operations.  The 
treated  water  is  distributed  evenly  across  the  top  packing  surface  and  allowed  to  trickle 
down  around  the  packing.  Air  is  forced  up  (either  by  natural  draft  or  blowera)  through 
the  packing  material  to  create  a  countercurrent  flbw.  The  large  surface  area  provided 
by  the  packing  prolongs  contact  between  the  air  and  water.  Orginlos  and  dissolved  gases 
are  transferred  from  the  liquid  to  the  gas  phase  because  of  the  difference  in  con¬ 
centration  In  each  phase. 

Compounds  suaoeptible  to  removal  by  air-stripping  include  THMs,  chlorinated 
benzenes,  many  simple  halogenated  organic  compounds,  some  aromatic  hydrocarbons,  and 
some  pesticides.***  Probably  the  most  attractive  feature  of  air-stripping  is  that  it  can 
selectively  remove  many  compounds  that  are  poorly  removed  by  activated  carbon 
adsorption.  Thus,  air-stripping  is  a  highly  complementary  process  to  activated  carbon  for 
waters  containing  high  concentrations  of  a  wide  range  of  organic  species.  Furthermore, 
some  of  the  same  compounds  that  are  not  retained  well  by  activated  carbon  atteiiuate 
well  In  the  soil  and  are  therefore  common  in  contaminated  groundwaters.  Air-stripping 
offers  a  relatively  inexpensive  approach  for  removing  many  such  organic  species. 


**J.  M.  Symons  and  O.  Q.  Robeck. 

**B.  P.  Shelton,  1992|  J.  E.  Slngley,  et  al.,  Trace  Organics  Removal  by  Air  Stripping 
(AWWA  Researoh  Foundation,  May  1980)|  J.  E.  Slngley,  et  al..  Trace  Organics 
Removal  by  Air  Stripping,  Supplemental  Report  (AWWA  Research  Foundation, 
April  1981). 

*'*J.  P.  Mieurei  J.  E.  Slngley,  et  al.,  1981. 
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Figuro  la.  PaokBd  towor  aaratlon  unit.  (Fromi  A.  F.  Hbib,  J.  B.  Dyksen,  and  H.  J. 

Dunn,  "Control  Stratogy— Aaratlon  Traatmont  Taohniqut,"  Ooourranoa 
and  Aomovat  of  Votatlla  Organic  Chomicals  from  Drinking  (Vatar 
[AWWA  Reiaaroh  Foundation,  1983.]  Uiad  with  parmiiilon.) 

Hanry%  Law  and  BquUlbrium  Modala  of  Air-Stripping 

Solubility  and  vapor  praiiuro  htv«  long  batn  raoogniatd  ao  Important  faotori 
affooting  air-itripping  of  organic  materials.  Thtst  factors  are  tkpreRsed  in  terms  of 
Henry's  Law  which  states  that,  under  equilibrium  conditions,  there  is  a  direct  relationship 
between  the  concentration  of  a  gas  dissolved  in  a  liquid  and  the  partial  pressure  of  the 
gas  in  air  next  to  the  liquid.  In  the  case  of  organic  compound  rerhoval,  the  organic 
contaminant  would  exist  as  a  gas  dissolved  in  the  water  to  be  treated  and  as  a  gas  in  the 
atmosphere.  Henry's  Law  is  expressed  asi"^ 

Pg  ■  HXj  [Eq  6] 

where  Pg  s  partial  pressure  of  the  gas  (atm) 

H  s  Henry's  constant  (atm) 

X  a  molM  of  dissolved  gas 
*g  (mbVes  dissolved  gas)  ■i' (moles  water) 

Xg  is  the  fraction  of  moles  of  dissolved  gas  existing  in  equilibrium.  Henry's  constant, 
which  Table  lb  lists  for  several  compounds,  determines  the  amount  of  compound  that  can 
exist  In  liquid  and  gas  phases  under  certain  conditions.  Thus,  compounds  with  a  higher 
Henry's  Law  constant  are  removed  more  easily  by  air-stripping.  Checking  Henry's  Law 
constant  for  a  compound  of  interest  gives  an  Indication  of  how  easy  it  will  be  to  remove 


’^Metcalf  and  Eddy,  IVastewater  Engineering  Collection  Treatment  Disposal  (MoGraw- 
1972). 
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Table  18 


Htnry'i  Law  Constanta  for  Saleoted  Compounds* 


Oowpound 


Formula 


tfonn'i 

Coiwtant  (atm)** 


Vinyl  ohlorlda 

Oxycin 

Nltroyon 

Mathano 

Oioni 

Toxaphan#*** 

Carbon  dioxida 

Carbon  tatraohlortda*** 

TatraaMoroaUiylano*** 

TrlaMoroathylana*** 

Hydrofon  lulftda 

Chloromathana*** 

1.1,1-TriaMoroathaaa*** 

itHti'Trlmathylbanaana*** 

Toiuana*** 

Banrana*** 

li4‘Dlohlorubantant*** 

Chloroform*** 

Bromodlohloromolhano 

tit-OlaMoroathano*** 

DlbromooKloromothano 

l,l,8>Trlohloreothana*** 

Sulfur  dIoxIda 

Bromoform**'^ 

Ammonia 

Pantauhiorophanol*  *  * 
Dltldrln*** 


CHjCHCI 

Oj 

N, 

CH4 

Os 

CiqHioC1|* 

C02 

CC14 

C,Cl4 

CHClCCI) 

H]B 

CH3CI 

CCHgCI, 

C^HsICH))) 

CpHiCHj 

C,K| 

CjH^cia 

CHC13 

CHClafir 

CKaCidiiaCi 

CHClBrj 

CHCljCHaCi 

SO] 

CKBrg 

NK, 

C|(OK)Cl3 

CijHjoOcia 


3.88  X  10* 

4.3  X  10* 

1.6  X  10* 

3.1  X  10* 

S.B  X  10* 

3.8  X  10* 

1.81  X  10* 

1.80  X  10* 

1.1  X  10* 

8.8  X  10* 

8.18  X  10* 

4.1  X  10* 

4.0  X  10* 

3.83  X  10*  (88*0 

3.4  X  10*  (88*0 

8.4  X  10* 

1.0  X  10* 

1.7  X  10* 

1.11  X  10*  (BPA,  1010) 
01 

47  (BPA,  1001) 

43 

30 

SB 

0.78 

0.18 

0.0094 


*A3iiTaT?rami  M.C.  Kavanaufh  and  R.  R.  Truiiall,  JAWWA,  Vel  78.  No.  it  (AWWA, 
Daoambar  1010).  Uaad  with  parmluion.  Boldfaoa  Indloataa  eompounda  balitf  eon^ldarad 
for  rafulatlon. 

**Tamparatura  80*  C  axaapt  whara  notad  otharwlaa. 

***Camputad  from  watar  lolublllty  data  and  partial  praaiura  of  pura  liquid  at  apaelflad 
tamparatvra. 

^Synthatloi  approxlii^ata  ahamloal  formula. 


the  compound  by  aeration.  Althoug^h  Henry's  Law  constants  are  not  as  accurate  for 
predicting  removal  efficiencies  of  certain  water-soluble  compounds,^ ^  they  may  be  used 
in  feasibility  studies. 

Henry's  Law  constants  are  affected  by  temperaturc>  so  thati  for  moat  volatile 
hydrooarbon  compounds,  the  constants  increase  by  a  factor  of  three  with  every  10°C  rise 
in  temperature,^^  Therefore,  the  removal  efficiency  may  vary  in  locations  with  extreme 
tempera  tires. 

A  volatile  organic  compound's  rate  of  mass  transfer  Is  expressed  in  terms  of  the 
effective  surface  area  and  the  difference  between  the  equilibrium  concentration  (in  gas 
and  liquid  phases)  and  the  concentration  In  the  liquids** 

M  8  K^a  (C,*  -  Cj)  [Eq  7) 

M  8  Mass  transfer  per  unit  time  and  volume  (Ib/hr/ou  ft) 

Kj^  8  Liquid  mass  transfer  coefficient  (ft/hr) 
a  8  Effective  area  (sq  ft/ou  ft) 

C|*  *  Liquid  phase  concentration  in  equilibrium  with  the  gas  phase 
concentration  (Ib/ou  ft) 

C|  8  Liquid  phase  concentration  (Ib/ou  ft). 

The  value  of  Kt  depends  or.  the  nature  of  the  compound  being  removed  as  well  as  on  tbs 
aeration  devioei  oonfiguratlon,  the  temperature,  and  the  flow  rate  through  the  unit. 

Air-stripping  can  use  either  diffused  aeration  or  waterfall.  In  diffused  aeration,  air 
is  inject '4d  into  the  water  to  be  treated  (Figure  13).  Qas  transfer  is  improved  by 
inoreoeing  the  aeration  basin  depth,  producing  smaller  bubbles,  altering  the  basin 
geometry,  or  using  a  turbine  to  reduce  bubble  siae,**  Waterfall  aeration  is  done  with 
multiple  tray  aerators,  cascade  aerators,  spray  nosales,  or  countercurrent  packed 
columns.  Figure  14  shows  a  redwood  slat  tray  aerator. 

A  USEPA  pilot  study  on  diffused  aeration  used  water  spiked  with  TCE  to 
concentrations  ranging  from  iOO  to  1000  ug/L.  With  a  contact  time  of  10  min  and  an 
alr-to-water  ratio  of  4il,  70  to  90  percent  TCE  was  removed.  Another  pilot  plant  for 
TCE  removal  was  operated  In  Qlen  Cove,  TCE  concentration  in  the  raw  water 

ranged  from  139  to  313  ug/L.  Contact  times  and  air-to-water  ratios  were  varied  from  5 
to  20  min  and  from  Sil  to  OOil,  respectively.  Up  to  73  percent  removal  was  aohieved. 
When  the  air-to-water  ratio  was  increased  to  30tl,  up  to  90  percent  of  the  TCE  was 
removed. 


**A.  F.  Hess,  J.  E.  Dyksen,  and  H.  J.  Dunn,  "Control  Strategy— Aeration  Treatment 
Technique,"  Occurrence  and  Removal  of  Volotlle  Organic  Chemicals  from  Drinking  Wat§r 
(AWVIA  Research  Foundation,  1983). 

*^A.  F.  Hess,  J.  E.  Dyksen,  and  H.  J.  Dunn. 

**A.  F.  Hess,  J.  E.  Dyksen,  and  H.  J.  Dunn. 
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Tray  aerators  often  have  been  used  to  remove  organic  compounds  from  water 
supplies.  One  example  is  at  Smyrna,  DE,  where  two  wells  became  contaminated  with 
TCE  in  concen:ratlona  up  to  72  ug/L.  Water  from  one  well  was  treated  in  a  metallic  tray 
aerator  followed  by  GAC  adaorptioni  water  from  the  other  well  was  treated  In  a  redwood 
slat  aerator  followed  by  GAC.  Even  without  the  QAC,  TCE  removal  was  40  to  60 
percent,  and  after  OAC  treatment,  00  percent  removal  was  obtained.  ‘  ^  The  city  of 
Norwalk,  CT,  also  used  tray  aerators  to  obtain  similar  removal  rates  for  TCE.  Several 
other  VOCs  also  were  removed  (75  percent  removal  for  1,1,1-triohloroethane  and 
traru,l,2-dlohloroethylene  and  100  percent  removal  for  l,l>dlohloroathylene).^°*  The 
tower  was  20  ft  high  and  had  a  cross  sectional  area  of  200  sq  ft. 

An  example  of  using  spray  nozeles  was  for  a  1  MOD  private  well  water  supply  in 
West  Palm  Beach,  FL.  In  1980,  several  VOCs  were  detected,  including  TCE,  vinyl 
chloride,  1,1-diohloroethylene  and  other  chlorinated  hydrocarbon  solvents.  Three  8000- 
cu  ft  spray  ponds  were  constructed,  each  with  20  spray  noaales.  Ninety  percent  of  the 
dichlorbethane  has  been  removed  and  the  operation  has  been  working  successfully. 

A  countercurrent  packed  column,  another  aeration  technique,  was  applied  in 
Rookaway  Township,  NJ  (population  20,000).  Half  the  population  is  served  by  wells,  two 
of  which  became  contaminated  with  TCE  in  concentrations  varying  from  80  to 
280  ug/Li  ether  also  was  detsoted  in  the  water.  GAC  adsorption  was  Installed  but  the 
ether  exhausted  the  carbon  too  soon.  Then  a  countercurrent  packed  aeration  column  was 
installed  to  pretreat  the  water  before  It  reached  the  OAC  unit,  and  this  system  removed 
95  to  99  percent  of  the  ethers. In  addition,  TCE  was  brought  to  below  deteotible 
levels.  This  removal  rate  requires  high  alr-to-water  ratios,  as  was  seen  in  the  previous 
examples  of  organics  removal  by  aeration. 

Full-scale  stripping  towers  and  deearbonators  at  Water  Factory  21,  Orange  County 
Water  District,  CA,  have  shown  a  greater  than  80  percent  reduction  In  THMi,  chlorinated 
benzenes,  and  halogenated  ethanes.  The  stripping  towers  are  natural  draft  whereas  the 
deearbonators  are  small  packed  beds  with  forced  countercurrent  airflow.  Good 
reductions  of  organic  priority  pollutants  that  have  Henry's  Law  constants  greater  than 
10*  atm  mvmole  were  attained. 

Concern  has  been  raised  that  air-stripping  may  cause  air  pollution.  However, 
measurements  of  volatile  organics  in  air  near  the  top  of  a  pilot  aeration  plant  wore 
considerably  less  than  the  allowable  occupational  exposures.  At  this  time,  aeration  is  not 
viewed  as  a  likely  cause  of  air  pollution  by  chlorinated  hydrocarbon  compounds. 


Design  Considerations  and  Coets—Aeration  Units 

The  following  factors  should  be  considered  in  designing  an  air-stripping  systems 
e  Number  and  nature  of  the  organic  compound(B)  to  be  removed 
e  Alr-to-water  ratio 
e  Column  depth 


'°*AWWA,  1983. 
'®*AWWA,  1063. 
‘““AWWA,  1083. 
'“‘AWWA,  1083. 


•  Available  surface  area 


a  Air  and  water  temperature. 

The  nature  and  mixture  of  compounds  to  be  removed  will  determine  how  practical  it  will 
be  to  use  aeration.  A  contaminated  water  supply  may  contain  several  compounds)  some 
of  which  may  be  removable  by  air-stripping,  while  others  are  not.  More  volatile 
compounds  with  higher  Henry's  Law  constants  would  be  removed  effectively  by  aeration) 
Table  19  shows  the  removal  efficiency  expected  for  various  compounds.  The  amount  of 
compound  to  be  removed  also  has  bearing  on  the  type  of  aeration  unit  to  use.  Figure  15 
shows,  for  a  range  of  Henry's  Law  constants,  the  aeration  unit  that  could  be  expected  to 
achieve  various  degrees  of  removal. In  general,  for  90  percent  removal  or  less,  spray 
towers  or  diffused  aeration  units  are  more  economical.  If  more  than  90  percent  removal 
is  needed,  a  packed  tower  usually  will  be  necessary. 

The  alr-to-water  ratio  influences  the  removal  efficiency  and  depends  on  the 
amount  of  air  and  water  entering  the  unit.  As  seen  in  the  examples  presented  in  this 
chapter,  a  high  air-to-water  ratio  sometimes  is  necessary  to  achieve  the  required  degree 
of  removal.  With  a  IS-ft  column  filled  with  1-ln.  siae  packing,  95  percent  TCE  can  be 
removed  using  an  air-to-water  ratio  of  20il,  but  removing  the  same  percentage  of  1,2- 
dichloroethane  requires  an  air-to-water  ratio  of  120tl.^°'' 

The  column  depth  will  determine  the  unit's  removal  efficiency  as  well  as  capital 
cost.  In  pilot  studies,  the  column  depth  can  be  varied  while  the  air-to-water  ratio  Is  held 
constant.  For  example,  with  a  20il  air-to-water  ratio,  80  percent  TCE  can  be  removed 
with  a  6-ft  column)  99  percent  removal  requires  a  10-ft  column. Figure  16  shows  the 
relationship  between  packed  column  depth  and  air-to-water  ratio  typically  needed  to 
achieve  98  percent  removal  of  three  different  organic  compounds. 

Available  surface  area  determines  the  potential  amount  of  compound  that  can  be 
transferred  from  liquid  to  gas  phase.  For  a  packed  tower  aeration  unit,  this  Is  a  major 
consideration  In  designing  the  packing  material  configuration.  One  factor  to  keep  in 
mind  is  that,  In  a  packed  column  unit,  the  packing  diameter  should  be  about  one-fifteenth 
the  column  diameter. 

As  previously  stated,  temperature  influences  Henry's  Law  constant,  which  in  turn 
determines  how  much  compound  will  exist  in  liquid  or  gas  phase.  Henry's  Law  constants 
increase  as  temperature  rises. 

In  cost  studies  on  aeration  units,  TCE  removal  usually  is  considered  representative 
of  average  removal  costs.  Relative  costs  to  remove  the  same  amount  of  other 
organic  compounds  by  aeration  can  be  ranked  in  order  of  increasing  removal  oostsi 

1.  Vinyl  chloride 

2.  PCE 


“’^A.  F.  Hess,  J.  E.  Dyksen,  and  H.  J.  Dunn. 
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3.  TCE 


4.  Carbon  tetrachloride 

5.  1,1,1-Trlchloroethane 

6.  1,2-Dlchloroethane. 

The  USEPA  has  formulated  equations  that  can  be  used  to  calculate  yearly  capital 
and  O&M  costs  for  aeration  units  (Table  20).  ^  ‘  The  air-stripping;  cost  equations 
consider  both  diffused  aeration  basins  and  aeration  towers.  Design  constraints  for 
diffused  aeration  basins  include  a  rectangular  basin  design  with  a  iength-to-width  ratio  of 
4tl,  basin  depth  of  12  ft,  maximum  individual  basin  size  of  3800  cu  ft,  air  supply  system 
sized  for  a  minimum  of  5  scfm/sq  ft  of  basin  floor  area,  minimum  air-to-water  ratio  of 
lOil,  and  continuous  operation.  For  aeration  tower  design,  constraints  include  a 
rectangular  tower  design  with  16  ft  of  polyvinyl  chloride  (PVC)  medium,  overall  tower 
height  of  22  ft,  and  continuous  operation. 

The  costs  are  annual,  so  capital  and  O&M  costs  must  be  added  to  obtain  total 
treatment  costs.  The  equations  Include  factors  for  annualizing  the  capital  costs  over  20 
years  at  8  percent  interest. 

Approximate  capital  and  06c M  and  total  costs  for  plant  sizes  between  0.01  and  5 
MOD  can  be  estimated  using  the  cost  curves  in  Figures  17  and  18.  These  curves  are  for 
90  percent  removal  of  TCE,  and  Tables  21  and  22  list  assumptions  made  In  developing 
them. 


Other  costs  can  be  approximated  using  the  curves  in  Figure  19.‘^^  These  curves 
show  total  treatment  costs  (1980  dollars)  for  both  aeration  and  QAC  for  90  to  96  percent 
removal  of  TCE,  1,1,1-triohloroethane,  and  carbon  tetrachloride,  demonstrating  the  wide 
range  in  costs  for  removing  certain  compounds.  For  example,  to  remove  1,1, 1-* 
trichloroethane,  treatment  costs  increase  little  from  90  to  95  percent  removal  using 
tower  aeration.  However,  if  GAC  treatment  is  used,  the  cost  Increases  markedly  (from 
$0.04/1000  gal  to  $4.00/gai  for  a  1-MGD  plant)  in  Increasing  removal  from  90  to  99 
percent. 

Thus,  air-stripping  may  be  an  economical  process  fo,'  many  contaminants  of 
concern,  particularly  THMs  and  other  halogenated  methanes  and  ethanes.  This  process 
also  can  complement  activated  carbon  adsorption,  either  by  removing  compounds  that 
activated  carbon  will  not  treat  or  by  extending  the  time  between  carbon  regeneration 
cycles. 


Stoam-Sti’lpping 

Steam-stripping  Is  a  mass-transfer  operation,  similar  to  air-stripping,  used  to 
remove  moderately  volatile,  medium -molecular-weight  organic  specles.‘‘^  Stoam- 
strlpping  can  remove  more  organic  species  than  air-stripping  because  the  superheated 


‘ '  ‘P.  Dorsey  and  R.  M.  Clark,  Drinking  Water  Cost  Equations,  USEPA  600/2-82-055 
(December  1982). 

‘  ‘  ^O.  T.  Love  and  R.  G.  Eilers. 

' '  ^S.  P,  Shelton,  et  al.,  1982. 
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Table  20 


Capital  and  OdcM  Coat  Equations—Aeration  Units* 


Diffused  Aeration 

Aeration  Tower 

Capital  cost 

size  range  (ou  ft) 

1600  to  380,000 

640  to  286,000 

Equation 

18.48  USRT®*^^^CCI®'®®® 

11.86  USRT®*^^®®CCI®'®®®® 

O&M  oost 

size  range  (ou  ft) 

1900  to  10,000 

680  to  6400 

Equation 

472.32  USRT®*®®^PR®*®®® 

31.36  USRT®'®®®PR®*®^® 

PP|0.0726q|||^0.268 

PP{0.268qj{  {^0.208 

Size  range  (cu  ft) 

10,000  to  380,000 

6400  to  256,000 

Equation 

112.08  U8RT®*®®*^PR®‘^®® 

6.84  U8RT®'®^®PR®'®®* 

DHR®'®®® 

ppj0.178Qjjp0.092 

*USRT  =  Unit  size,  ou  ft. 

CCI  3  Construotlon  oost  Index  divided  by  100. 
PR  =  Power  cost,  l/kWh. 

PPI  Producer  price  Index  divided  by  100. 
DHR  s  Hourly  wage  rate,  $/hr. 
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xTOUL  COSTI 


OAMCOSTI* 


CAI>ITAL  com 


lYATCM  BIZI  (MOD) 


Flfur*  17.  Coit  ourvM  for  difftuad  aantion  unit.  (Promt  A.  F.  Hess,  J.  £. 

Dyksen,  and  H.  J.  Dunn,  ''Control  Strategy-Aeration  Treatment 
Technique,"  Occurrence  and  Removal  of  Volatile  Organic  Chemicale 
from  Drinking  (Voter  [AWWA  Reaearoh  Foundation,  1983.]  Uaed  with 
permlasion.) 


■TOTAI.COITB 


'  CAriTAU  C08TI 


lYBTCM  BtZC  (MOD) 


Figure  18.  Coat  curves  for  packed  column  aeration  unit.  (Fromi  A.  F.  Hess,  J.  E. 

Dyksen,  and  H.  J.  Dunn,  "Control  Strategy-Aeration  Treatment 
Technique,"  Occurrence  and  Removal  of  Volatile  Organic  Chemicals 
from  Drinking  Water  (AWWA  Research  Foundation,  1983.)  Used  with 
permission.) 


Table  21 


General  Basie  for  Preliminary  Cost  Estimates 
(1981  Dollars)* 


Criteria 


Assumptions 


Removals 
Capital  costs 


Pilot  studies 


Engltieering>  finanoial» 
and  legal  fees 

Contingencies 

Operation  and  maintenance 
coats 


Electrical  charges 


90%  of  TCE. 

Capital  costs  are  based  on  average 
plant  capacities.  All  capital  costs 
include  costs  for  equipment  or  materia- 
als,  Installation^  and  contractor's 
overhead  and  profit. 

Were  assumed  to  be  required  prior  to 
selection  and  design  of  facilitiest  and 
costs  for  these  are  included  in  engi¬ 
neering. 

15%  of  total  construction  cost. 


IS  %  of  total  construction  cost. 

All  O&M  costs  were  developed  based  on 
average  dally  plant  production.  Costs 
were  based  on  cost  curves  in  Culp/ 
Wesner/Culp,  1979,  and  on  estimates 
by  Malcolm  Pirnie,  Inc.,  1981. 

$0.045/icWh. 


Annualised  capital  cost  Total  capital  cost  amortized  over  20 

years  at  a  10%  interest  rate. 


*From:  A.  F.  Hess,  J.  E.  Dyksen,  and  H.  J.  Dunn,  "Control  Strategy— Aeration  Treatment 
Technique,"  Occurrence  and  Removal  of  Volatile  Organic  Chemicals  from  Drinking  Water 
(AWWA  Research  Foundation,  1983),  pp  145-6.  Used  with  permission. 


Table  22 

Baaii  for  Preliminary  Coat  Eatimatea—Packed 
Tower  Design  (1981  Dollara) 


Criteria 


Aasumptions 


Diffused  aeration  design 
Basina 


Aeration  equipment 


Repumping 

Packed  column  design 
Packed  towers 


Aeration  equipment 


Repumping 


Housing 


Costs  were  developed  from  cost  curves 
In  Culp/Wesner/Culp»  19?9i  for  10% 
average  plant  capacity  storage,  modi- 
ifled  to  Include  diffused  aeration. 

includes  compressors  for  air  supply  and 
porous  air  diffusers  for  air  introduc¬ 
tion.  Costa  were  based  on  information 
supplied  by  manufacturers. 

includes  pumps  for  repumplng  aerated 
water.  Costs  were  developed  from  coat 
curves  in  Culp/Wesner/Cuip,  1979,  for 
in-plant  pumping. 


Based  on  use  of  1-ln.  packing. 

Most  costs  were  obtained  from  Singley, 
et  al.,  1980.  For  the  small  system 
sizes  not  included  in  this  reference, 
costs  were  based  on  information  obtain¬ 
ed  from  manufacturers.  In  addition  to 
sheila  and  packing,  costs  include  tower 
Internal  parts  such  as  mist  eliminators 
flow  distributors  and  redistributors 
packing  supports,  piping,  and  a  clear- 
well  under  the  tower. 

Includes  cost  for  blowers  and  air 
supply  piping.  Based  on  cost  esti¬ 
mates  in  Singley,  et  al.,  1980,  and  the 
Richardson  Rapid  Construction  Cost, 
Estimating  System. 

Includes  vertical  turblna  pumps  for 
supplying  water  to  each  stage  of 
towers.  Pump  size  was  based  on 
average  plant  capacity.  Coats  were 
on  cost  curves  in  Culp/Wesner/Culp, 
1979,  for  in-plant  pumping. 

Includes  a  building  to  house  the  towers 
for  cold  weather  protection,  if  neces¬ 
sary.  Costs  were  based  on  $2.00/ou  ft 
of  building. 
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ateam  alters  equilibrium  relationships  favorably  in  terms  of  mass  transfer  from  the  liquid 
to  the  gas  phase. 

Sleve-'tray  stripping  columns  with  relatively  large  still  pots  have  been  used  widely 
by  industry  for  orgtnio  product  recovery  and  wastewater  treatment.  ^  These  systems 
treat  anything  from  raw  industrial  slurries,  fed  directly  to  the  still  pet  at  the  cpiumn 
base,  to  highly  treated  streams  fed  to  up-tower  trays  for  improved  ciyanio  product 
reco'*rery.  As  steam  bubbles  through  the  trays,  the  volatile  organic  species  are  stripped 
from  the  liquid  fraction  and  routed  to  a  condenser  for  recovery.  Heavier  components  are 
withdrawn  frrm  the  still  pot.  Stearn-stripping  systems  have  been  designed  to  remove 
heavy  compounds  as  still-pot  residue  vrhtle  oolleoting  water  In  up-tower  tra:^  and 
subsequently  stripping  votatlle  organics  from  the  collected  water. 

At  present,  no  steam-stripping  operations  are  used  for  producing  potable 
water.  ‘  ‘  ^  This  discussion  is  included  only  beouuss  of  the  possibility  that 'future  otganioti 
criteria  may  become  so  stringent  that  systems  with  this  level  of  sophistioatiqn  will  be 
required  to  produce  s  water  of  ^ooeptabie  quality. 


DtsttUation 

Fraottorlal  distillation  can  laparate  oonatituents  of  a  liquid  mixture  because  of  the 
oonitltuenti'  differenoes  in  vapor  pressure.  This  prlnolple  oan  be  uied  to  remove  volatile, 
apeoiei  or  to  retain  In  volatile  ones.  A  distillation  column  designed  and  operated  properly 
oan  yiald  nearly  ooihplete  seoaration  of  water  and  both  organio  and  inorganic  speotea 
from  tha  original  mixture. > 

Although  a  form  of  distillation  haa  long  bean  used  for  desalinating  speotal-purpose 
V  star  lupplisa.  Including  naval  onshlp  syatemi  or  onshora  faoUitles  such  as  Quantanamo 
Bay,  Cuba^  and  the  Naval  Arotio  iPtssearoh  Laboratory  nt  Point  Barrow,  AK,  continuous 
countercurrent  dlitlllatlon  columns  have  not  been  uaed  to  remove  organic  speotei  from 
potable  water  suopltss.  This  process  does,  however,  offer  sxoellent  potential  for 
producing  high-quality  potable  water  from  .4  poor-quality  souroe  water  which  is  heavily 
contaminated  with  all  types  of  organio  end  Inorganic  speolss. 

In  this  typo  of  distillation,  a  water  containing  solids  and/or  heavy  organlos  would  be 
fed  directly  to  the  rebotler.  As  vapor  rises  through  the  column,  it  oomei  into  oontinuous 
Gontsot  with  t  condensed  portion  of  the  vapor  flowing  oountereurrently  down  the  oolumn 
along  the  trays.  This  process  Insures  a  vapor  product  enrioned  with  volatile  organio 
speoios.  The  liquid  fraction  of  water  recovered  is  then  oontaoted  oountereurrently  with 
a  vapor  stream  '•'om  the  rebotler  In  order  to  strip  it  of  the  volatile  components  (steam- 
stripping).  The  stripped  liquid  siroam  is  the  product  water  whereas  the  deplstsd  heavy 
liquid  in  the  rebotler  is  a  waste  stream. 

Distillation  like  steam-stripping  and  solvent  extraction,  is  a  highly  effeotlve 
process  for  removing  a  broad  speotrum  of  organio  species  from  water.  However,  due  to 


I  “*8.  P.  Shelton,  et  al.,  1982. 

'  ‘  ^  J.  E.  Dyksen  and  A.  F.  Hess  III. 
‘  ‘^S.  P.  Shelton,  et  ul.,  1982. 
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Its  high  cost,  this  method  has  not  found  application  as  a  unit  ppocoss  In  current  water 
supply  practice. 


Ulttmfittration 

The  most  popular  separation  meohantam  In  ultraflltration  Is  selective  sieving 
through  pores.  ‘  ^  ^  The  ability  of  an  ultrafiltration  membrane  to  filter  out  (reject)  a 
certain  substance  depe|ids  on  the  contaminant's  molecular  shapei  size,  and  flexibility,  as 
well  as  system  operating  conditions,  A  useful  membrane  must  be  able  to  separate 
distinctly  at  an  eoonomioal  rate.  Which  moans  it  must  have  a  molecular  weight  cutoff 
and  a  high  solvent  flux  at  low-pressure  differentials. 

.  Ultrafiltration  membranes  generally  have  nominal  molecular  weight  cutoffs  for 
substances  hanging  l^rom  $00  to.  1  million  in  molecular  weight. The  major  application 
for  ultrafiltration  membranes  is  for  removing  colloidal  material  and  large  orfanio 
molecules  from  Solution.  For  example,  industrial  applications  have  been  successful  in 
treating  many  process  wastewaters.  However,  organics  removal  from  prospective  water 
supplies  has  received  little  attention,  probably  related  to  the  fact  that  THMs  and  moat 
other  priority  pollutants  have  molecular  freights  below  500|  thus,  ultrafiltration  would 
hot  hold  promise  for  i-tmoving  these  regulated  oontsminanti. 

Capital  and  operating  ooata  for  ultrafiltration  units  vary  widely,  depending  on  the 
appllo.atlon.  Capital  oosts  may  be  as  low  as  $O.SO/gpd  of  Installod  oapaoity  (whereas  for 
induitrlal  application  It  may  be  over  IS/gpd)  and  operating  oosts  are  about  f.aa/lOOO 
gal.‘'»  If  high-molecular-weight  organic  species  baoome  regulated  to  low  levels  in 
potable  wateifs,  ultrafiltration  will  be  a  potential  unit  process  for  controlling  thess 
coritaih  inants.  . 

i  ' 

Reverse  Oemosis 

Reverse  osmosis  separation  is  the  combined  result  of  (1)  preferential  solvent  or 
solute  adsorption  at  the  membrane-solution  interface  and  (2)  interfaoial  fluid  flow 
through  the  pores  on  the  membrane  surface. Figure  20  shows  this  principle.  The 
membrane's  porous  structure  and  sutrfiioe  chemistry  together  determine  the  solute  and 
solvent  flux  through  it.  This  flux  Is  a  function  of  the  magnitude  of  preferential 
adsorption,  the  membrane's  effective  thickness,  the  size,  number,  and  distribution  of 
pores  on  the  membrane  surface,  and  the  operating  pressure,  temperature,  and  flow 
conditions  In  the  unit  procers. 

The  mechanism  for  Inorganic  rejection  differs  somewhat  from  that  for  organic 
rejection.  Theories  for  reverse  osmosis  separation  of  inorganic  ions  In  aqueous  solution 
have  been  proposed  on  the  basis  of  electrostatic  repulsion  of  ions  at  the  membrane- 
solution  interface.  Conversely,  organic  reJe<'tlon  Is  based  on  the  polarity  and  sieve 
mechanisms  determined  by  the  organic  molecule's  size  and  shape.  Certain  types  of 


'  '^W.  A.  Duvel,  Jr.,  and  T.  Helfgott,  "Removal  of  Wastewater  Organics  by  Reverse 
Osmosis,"  JWPCF,  Vol  47,  No.  1  (January  1975). 

A.  Duvel,  Jr.,  and  T.  Helfgctt. 

E.  Applegate,  "Membrane  Separation  Processes,"  Chemical  Engineering,  Vol  91, 
No.  12  (June  1984). 

'  A.  Duvel,  Jr.,  and  T.  Helfgott. 


Fi|(uni  20.  Pr)noipl«  of  oamoiif.  (Promt  USEPA,  Troatobltity  Manual,  Vol  III, 
3.1.16-2  (Offioa  of  Reioaroh  and  Davalopmant,  Saptambar  1981].) 

mambranaa  rajaot  battar  than  othara.  Polyamlda  (aremld  or  nylon)  membranaa  may  hava 
a  amallar  pora  atza  than  oalluloaa  aoatata  membranaa  and  oan  stave  battar.  Thtn-film 
Qompoalta  and  aramid  mambranaa  alio  rajaot  orfanloa  battar  than  oalluloaa  aoatata 
mambranaa.  ‘  '  The  polar  affaot  la  more  raluoutant  for  oalluloaa  aoatata  mambranaa  and 
la  datarmlnad  by  the  aoidlty  or  baaloity  of  the  molaoula  oonoarnad. 

Organto  rajaotlons  by  aavaral  mambrana  typaa  over  a  wtda  range  of  operating 
oondltlona  are  wall  dooumentad  In  the  literature.  ’  For  example,  a  oalluloaa  aoatata 
mambrana  with  an  Initial  salt  rajaotton  of  97.3  paroant,  whan  aubjaotad  to  seven 
different  solutes  on  a  series  of  ahort-run  axparl manta,  was  modified  suoh  that  the 
poataxpoaura  salt  rajaotion  was  only  90.1  paroant.  Longer  run  data  Indicate  that  soma 
organic  solutes  oauaa  Inherent  mambrana  proparttaa  to  ohanga.  During  organio 
Qonoantratlon,  the  mambrana  Is  exposed  to  aavaral  lolutas  for  a  relatively  long  period  of 
time,  and!  ohangas  In  the  mambrana'a  Inherent  rajaotion  properties  may  result.  One 
possible  ohanga  la  in  the  mambrana'a  plaatlolzation  by  adsorbed  organio  aolutes  that  are 
not  fluahad  out  of  the  mambrana. 

Baoauia  most  reverse  oamosla  applications  hava  bean  for  dasallnizatlon,  capital  and 
operating  coat  data  are  baaed  on  brackish  and  seawater  plants.  Reverse  oamoais  unlws 
designed  for  organics  removal  would  be  more  oomparabla  in  coat  to  those  treating 
brackish  water.  Table  23  ahowa  typical  capital  and  operating  ooats  for  ravaraa  oamosla 
plants.  In  addition,  capital  and  operating  cost  estimating  aquations  for  I-  to  200-MGD 
plants  hava  bean  developed  by  the  USEPA  and  appear  In  Table  24. 

Application  of  reverse  osmosis  for  removing  organio  apaoles  from  potable  water  has 
not  bean  widespread  to  data.  However,  reverse  osmosis  has  good  potential  for  removing 
soma  organio  speoiea,  eapeoially  the  priority  pollutants  and  heavier  organio  molaoules. 


‘  ^ '  L.  E.  Applegate. 

'”AWWA,  "Controlling  Organics  In  Drinking  Water,"  Seminar  Procatdings,  AWWA 
Conferenoa  (AWWA  Research  Foundation,  June  1979)|  W.  A.  Duval,  Jr.,  and 
T.  Halfgotti  M.  J.  MoQuIra,  at  al.,  "Assessment  of  Unit  Processes  for  Removal  of 
Trace  Organio  Compounds  from  Drinking  Water,"  JAWWA,  Vol  70  No.  10 
(October  1978). 
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Table  23 


Typtotl  Cost!  for'^.averio  Oimoiifl'* 


Flint  Type 


Cipitil  Coat* 
(I  per  QFO)** 


Oparatin^  Coitt 
(I  par  ItiOO  gal) 


•From!  L.  E.  Applagatti  "Matnbrana  S«{paratton  Prooeiaaii"  Chamlcol  Engtn§0Hng,  Vol  91, 
No.  12  (Moaraw-HIllt  1984)i  pp  76-77.  Uaid  with  parmtiiion. 

**A11  otlouUttoni  aiauma  a  faedwatar  temperatura  of  31^Ci  minimum  pratraatmant»  and  no 
onargy  raoovary.  Oparating  oo^ti  would  ba  raduoad  by  1796  with  anargy  raoovary. 

Energy  raquiramant  ii  aaaumad  to  ba  38  kWh/  1000  gal. 
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Table  24 


EPA  Coat  Equationa  for  Reverae  Oamoaia  Planta* 
Aaaumptlona 

1.  Feadwatar  total  dtsaolved  aolids  (TDS)  oonoontration  lass  than  10(000 
mg/L. 

2.  Feedwater  temperature  65  to  9S°F. 

3.  Feedwater  pH  8.5  to  6.0. 

4.  Brine  disposal  not  Included  In  cost  estimate. 

5.  Single-pass  system  with  an  operating  pressure  of  400  to  450  psl. 

6.  Water  reooveriest 

Flow  range  (MOD)  Water  raoovarv  (paroantl 

1  -  10  80. 

10  -  100  88 

7.  Membrane  life  3  years. 

Capital  cost  «  40,884  (plant  sire  ($/yr). 

OdcM  cost  ($/yr)  *  602,393,12  (plant  site  MOD)®’*®® 

X  (power  ooit 

CCI  «  Construction  cost  Index/100 
PPI  a  Producer  price  Index/ 100 

♦Fromr'Brlnklnjf  Water  Cost  EfiuaClorw  (USEPA,  December  1982). 


6  FORMULATING  AN  ORGANICS  REMOVAL  STRATEGY 


If  unaooeptable  levels  of  orEanica  are  found  in  a  water  supply,  an  approach  must  be 
adopted  for  formulating  a  strategy  to  remove  them.  If  THMa  are  of  ooncern,  Chapter  4 
on  alternative  oxidants,  moving  the  ohlorination  point,  and  activated  carbon,  and  Chapter 
5  on  air-stripping  should  be  consulted  as  well  as  USA-CERL  Technical  Report  N-8S/10. 

The  first  step  after  finding  that  a  water  supply  has  been  contaminated  with  organic 
compounds  is  to  assess  the  magnitude  of  the  problem.  If  the  supply  is  groundwater, 
samples  should  be  taken  from  other  existing  wells  or  new  wells  should  be  drilled  for 
sampling.  Try  to  determine  the  contamination  source,  because  this  will  provide  an 
indication  of  the  area  Involved  as  well  as  the  type  of  contaminants  to  look  for  in  the 
analysis. 

Site  plana,  topographic  maps,  aerial  photos,  and  knowledge  of  the  underlying 
geology  also  are  useful.  Talking  to  people  familiar  with  previous  activities  (e.g., 
Industry,  dumping)  in  the  area  will  help  determine  the  contamination  source  as  well  as 
the  type  of  organic  compounds  that  may  be  present. 

Wells  should  be  sampled  carefully  by  qualified  personnel  since  sampling  techniques 
can  drastically  affect  results  of  the  analysis.  All  samples  should  be  fully  analysed  by  an 
EPA  certified  analytical  laboratoryi  one  well  may  have  only  one  or  two  contaminants 
whereas  another  well  in  the  same  area  may  contain  several  compounds. 

The  quality  of  surface  water  supplies,  especially  rivers,  tends  to  be  more  variable 
than  that  of  groundwater.  It  may  be  that  the  oontaminatlon  was  temporary,  with  no 
contaminants  found  in  the  raw  water  upon  further  sampling. 

When  the  water  analysis  results  are  available,  review  what  types  of  compounds  are 
present.  Are  the  compounds  listed  in  Tables  1,  2,  or  3?  Are  they  known  or  suspected  to 
be  oaroinogenlo?  Are  there  several  types,  for  example,  some  volatile  and  some 
nonvolatile?  If  so,  more  than  one  type  of  treatment  may  be  necessary  to  remove  all 
contaminants.  Other  key  Items  are  the  concentration  levels  and  the  total  flow  to  be 
treated.  If  a  small  flow  from  a  single  well  is  Involved,  perhaps  that  well  could  be 
closed.  The  contaminant  concentration  also  will  determine  what  percentage  removal  is 
necessary,  for  example,  only  a  small  percentage  or  over  90  percent  removal. 

In  reviewing  the  contaminants  present,  use  the  information  In  previous  chapters  of 
this  report  to  determine  which  removal  methods  possibly  could  be  used  to  treat  the 
water.  For  example,  for  volatile  compounds,  consider  alr-atrippingi  consider  QAC  for 
polar  compounds.  If  the  supply  already  is  being  treated,  consider  how  the  existing 
treatment  processes  could  be  enhanced  to  remove  organics  (particularly  higher  molecular 
weight  compounds  and  THMs).  Consider  a  combination  of  treatment  techniques, 
particularly  if  the  water  contains  more  than  one  type  of  compound.  For  example,  If 
heavier  organics  can  be  removed  by  improving  coagulation/sedimentation,  QAC  could  be 
used  to  treat  remaining  compounds  that  are  soroable.  This  series  approach  would  provide 
more  effective  treatment  as  well  an  relieve  the  loading  on  the  GAC  bed.  Figure  21  Is  a 
sample  flowchart  using  a  combination  of  methods.  Treatment  plus  blending  with  an 
unoontamlnated  source  could  also  be  considered.  Table  25  shows  relative  efficiencies  of 
four  treatment  techniques  for  six  chlorinated  hydrocarbons,  based  on  pilot-plant  tests.  If 
the  contamination  level  Is  so  high  that  treatment  costs  are  prohibitive,  the  only  workable 
alternative  may  be  to  find  another  potable  water  source. 
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Figure  21i  Parallel  approach  to  organics  removal.  (Promt  R.  R.  Trussol  and  A.  R. 

Trusselli  "Evaluation  and  Treatment  of  Synthetic  Organics  in  Drinking 
Water  Supplies,"  JAWWA,  Vol  72,  No.  8  [AWWA,  August  1980].  Used 
with  permission.) 


Table  25 


Relative  Bffeotiveneie  of  Treatment  for  Removing 
TCB  and  Related  Solvents  (Based  on  Pilot  Plant  Tests)* 


Solvent 


QAC  Synthetio  Resin 

Aeration  Adsorption  Adsorption  Boiling 


Triohloroethylene 
TetraotUoroethylene 
Itlfl-Triohloroethane 
Carbon  tetrachloride 
Cis,  l>2"diohloroethylene 
li2-Dlahloroethane 


1 

2 

5 

3 

6 

4 


1 

2 

5 

b 

4 

3 


5 

1 

4 

3 

2 


^Based  on  0.  T.  Love  and  R.  0.  Ellerst  "Treatment  of  Drinking  Water  Containing  Triohloroethyl¬ 
ene  and  Related  Industrial  Solvents,"  JAWWAt  Vol  74,  No.  8  (AWWA,  August  1982).  Used  with 
permission. 


Coats  for  the  proposed  treatment  teohniques  oan  be  estimated  based  on  the 
equations  in  Chapters  4  and  5.  Capital  and  O&M  coats  usually  are  estimated  on  a  dollars 
per  1000  gallon  basis.  Since  more  operating  experience  Is  documented  with  QAC  and 
aeration  plants,  cost  estimates  are  easier  to  make  for  these  treatments.  Equations  for 
each  are  Included  so  that,  based  on  the  units'  sise,  capital  and  OdcM  costs  oan  be 
compared.  Cost  curves  and  examples  of  treatment  costs  for  various  percentage  removals 
also  are  Included  in  Chapters  4  and  5.  Based  on  cost  estimates,  a  few  preferred 
alternatives  may  be  chosen.  For  newer  treatment  teohniques  such  as  ultrafiltration  or 
synthetio  resins,  it  may  be  necessary  to  consult  equipment  vendors  for  feasibility  and 
cost  Information. 

After  preferred  alternatives  have  been  chosen,  bench  or  pilot  tests  oan  be  done, 
depending  on  the  treatment.  Bench  testing  is  suitable  for  improving  ooagulation/sedi- 
mentatlon  because  jar  teats  can  be  done  easily.  QAC  adsorption  columns  oan  be  used  In 
bench  tests,  whereas  aeration  units  are  more  amenable  to  pilot-scale  evaluation.  If 
enough  resources  are  available,  more  then  one  treatment  technique  can  be  tested  and  the 
results  compared. 


7  CONCLUSIONS 


This  study  has  provided  fixed  Army  installations  with  information  on  souroea,  types, 
characteristics,  and  significance  of  trace  organic  compounds  that  may  be  found  in 
drinking  water;  existing  and  proposed  drinking  water  standards  for  trace  organics; 
analytical  techniques  for  measuring  organic  contaminants;  and  treatment  processes  and 
operationai  changes  that  could  be  made  to  conventional  water  treatment  plants  to 
control  or  remove  organic  contaminants  from  potable  water.  New  and  proven 
technologies  for  removing  voiatile  trace  organic  compounds  have  been  described  and 
compared,  with  case  studies  and  costs  presented  when  available.  Guidance  has  been 
provided  for  designing  and  selecting  water  treatment  operational  changes  and  trace 
organics  removal  equipment  so  that  the  most  suitable,  cost-effective  strategy  can  be 
formulated  fo.'  providing  safe  potable  water. 

Specific  conclusions  about  mitigating  organic  species  in  water  supplies  includes 

1.  The  future  will  bring  improvements  in  techniques  for  identifying  and  quantifying 
organics  in  water  supplies.  With  this  progress,  methods  for  defining  high-molecular- 
weight  organics  that  constitute  the  majority  of  the  total  organic  carbon  will  be  refined. 
Organic  analysis  apparently  is  progressing  quickly  from  its  present  miorogram-per-liter 
sensitivity  to  the  pioogram-per-ilter  level.  This  advance  will  greatly  expand  the  number 
of  organics  of  concern  in  drinking  water  supplies. 

2.  Unit  processes  for  removing  or  destroying  organics  in  a  source  water  vary  as  a 
function  of  the  organics'  types,  species,  and  concentration.  Thus,  as  with  analytical 
techniques  for  evaluating  them,  oi^anics  are  removed  or  destroyed  in  water  treatment 
unit  operations  using  the  organics'  Inhereint  polarity,  volatility,  and  molecular  weight 
characteristics. 

3.  The  applicability  of  coagulants  and  alternative  oxidants  and  disinfectant 
strategies  in  removing  trihalomethanes  (THMs)  and  other  haloform  precursors  has  been 
widened,  it  is  possible  that,  with  proper  pH  control,  classic  aluminum  and  iron  salt 
coagulants  can  remove  substantial  amounts  of  raw  organics  that  would  otherwise  form 
halogenated  organics  upon  chlorination. 

4.  Unit  processes  that  use  activated  carbon  adsorption  to  remove  organic  species 
probably  ar»>  the  most  widely  used  treatments.  These  processes  have  evolved  over  the 
past  100  years-'flrst  for  controlling  taste  and  odors  in  water  supplies,  then  to  control 
refractory  organics  in  advanced  wastewater  treatment  and  water  reuse  syatems,  and 
finally  to  remove  THMs  and  pesticides  from  water  supplies.  Activated  carbon  treatment 
probably  will  continue  to  evolve  as  one  of  the  primary  treatment  media  for  organic 
spee'es  that  become  regulated  in  the  future  due  to  this  medium's  flexibility  and  the 
relative  wealth  of  alternative  design  approaches. 

5.  Air-stripping  may  be  an  economical  process  for  removing  many  contaminants  of 
concern,  particularly  THMs  and  other  halogenated  methanes;  or,  it  could  complement  the 
activated  carbon  adsorption  process  removing  eithe.*  compounds  not  amenable  to 
activated  carbon  treatment  or  extending  the  time  between  carbon  regeneration  cycles. 

6.  Application  of  r6''erse  osmosis  for  organic  species  removal  from  potable  water 
supply  has  not  been  wldespr'ead  to  date.  However,  the  literature  indicates  that  the 
process  has  good  potential  for  removing  some  organic  species,  especially  the  priority 
pollutants  and  heavier  organic  molecules. 


7.  If  high-molecular-weight  organic  species  become  regulated  to  lo,t»  levels  In 
potabiv;  waters,  ultrafiltratio!'.  probably  vill  be  studied  as  a  unit  process  for  controlling 
these  contaminants. 

8.  Solvent  extraction,  ion  exchange,  sorption  resins,  steam-stripping,  and 
distillation  are  not  feasible  unit  processes  for  treating  water  supplies  under  the  current 
economlc/'egulatory  framework.  In  the  future,  as  technologies  evolve  and  regulations 
become  more  stringent,  these  processes  and  others  may  have  to  be  considered  for  use  in 
order  to  meet  organic  contaminant  criteria. 


METRIC  CONVERSIONS 
1  in.  s  2.54  cm 
1  ft  s  .305  m 
1  lb  «  .453  kg 
1  oz  =  28.35  g 


Igal  -3.78L 
1  sq  ft  a  .093  m^ 
1  cu  ft  »  .028  m® 


1  psi  a  6.88  kPa 
Op  a  (  ®C  X  9/5)  +  32 
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